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SUMMARY 
 
Dielectric properties of Pb1-3x/2LaxTiO3 (PLT-A)-based perovskites were investigated 
systematically by post-sinter annealing in oxygen or nitrogen atmosphere and triaxial 
strain analyses using XRD. Four series of PLT-A-based perovskites were thus 
synthesized using mechanical activation at room temperature, including Pb1-
3x/2LaxTiO3 with x ranging from 0.10 to 0.25, and Pb0.70La0.20TiO3 (PLT-A20) with 
Ba2+, Sr2+ or Ca2+ substitution ranging from 10 to 50%.  
 
Investigations on sintered behaviours, the resulting grain sizes and dielectric 
properties of PLT-A suggested that Pb0.70La0.20TiO3 (PLT-A20) exhibited the 
strongest dependencies of both relative permittivity and dielectric loss on space 
charge polarization. Upon annealing in oxygen or nitrogen, both relative permittivity 
and dielectric loss for PLT-A20 at Tc measured at 1000 Hz showed an initial rise and 
a peak at approximate 4.0 hours of annealing time in stage I, which is attributed to the 
domination of space charge polarization as a result of the PbO evaporation from 
surface region. On the other hand, prolonged annealing in oxygen and nitrogen 
respectively resulted in structural destabilization and the antiphase polarization, 
leading to a steady fall and a continuing increase for both relative permittivity and 
dielectric loss in stage II, respectively. 
 
XRD strain analyses suggested that the lattice mismatch between Pb2+ and Ba2+, Sr2+ 
or Ca2+ in A-site of the perovskite lattices results in local structural distortions of host 
atoms, leading to a breakdown in the dipolar long-range order of PLT-A20. Tensile 
strain brought about by Ba2+ substitution enhances Pb-O hybridization locally by 
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stretching neighbouring oxygen octahedra to Pb2+, as evidenced by the less 
effectiveness in shifting Tc or Tmax to lower temperature than that of Sr2+ and Ca2+. 
Undoubtedly, increasing Ba2+ substitution adversely affects the cooperative coupling 
of Pb-O-Ti. Together with the expansion of ratting space for Ti4+, a relaxor behaviour 
with the most significant diffusiveness was thus observed for PBLT5020.  
 
In contrast, Ca2+ substitution results in compressive strains that shrink the perovskite 
lattice, leading to an increase in repulsive energy between A-site cations and Ti4+, thus 
a compensation by structural tilts is then required. Further increasing the substitution 
to 50%, Ti4+ is frozen by the large compressive strains, resulting in the quantum 
paraelectric-like behaviour up to the record temperature of ~200 K. As confirmed by 
the failures in fittings to both the Barrett’s and quantum ferroelectric relations, the 
quantum paraelectric-like behaviour is not resulted by the quantum mechanical 
fluctuations. The temperature dependences of relative permittivity for PLT-A20 
substituted with 55 to 65% Ca2+ can be well-fitted to the Vogel-Fulcher relation, 
suggesting that the observed relaxor behaviours are manifested by the interacting 
dipolar clusters brought about by Pb2+ dilution, whereby the cooperative couplings 
among unit cells are deteriorated. This is further supported by the increases in both Pr 
and Ec with increasing Pb2+ content. On the other hand, Sr2+ that possesses a smaller 
ionic size than Pb2+ brought the same effects as that of Ca2+. However, the 
compressive strain and structural tilts thus generated are less significant. As a result, 
only an enhancement of DPT with increasing level of Sr2+ was observed. 
 
List of tables  
 VII
LIST OF TABLES 
 
Table 6-1 Summary of diffusiveness and γ-exponent for PCLT, PSLT and 
PBLT............................................................................................................................... 122 
Table 6-2 Summary of the six strain components calculated for PLT-A20, 
PBLT5020, PCLT5020 and PSLT5020.......................................................................... 142 
Table 7-1 Summary of ∆Tmax and ∆Trelax calculated for PCLT at various levels 
of Pb2+. ............................................................................................................................ 155 
Table 7-2 Summary of remanent polarization (Pr) and coercivity (Ec) for both 
PCLT8020 and PCLT9020 induced by varying applied electric field strengths 
(E). .................................................................................................................................. 161 
 
List of figures  
 VIII
LIST OF FIGURES 
 
Figure 1.1 Structure of ABO3 perovskites. ......................................................................... 1 
Figure 1.2 Temperature dependence of relative permittivity (a), P-E hysteresis 
loop (b), and temperature dependence of polarization (c) of a typical normal 
ferroelectric (adapted from [9]). ......................................................................................... 4 
Figure 1.3 Local electric fields induced by other dipoles considered in Lorentz 
correction (a), and the temperature dependence of angular frequency of soft-
modes (b), for a normal ferroelectric. ................................................................................. 7 
Figure 1.4 Temperature dependence of relative permittivity (a), slim P-E 
hysteresis loop (b), and temperature dependence of polarization (c) for a 
typical relaxor (adapted from [9])....................................................................................... 9 
Figure 1.5 Plot of relative permittivity vs. temperature for SrTiO3, showing the 
quantum paraelectric state where the temperature independence of relative 
permittivity was observed below 4 K (adapted from [25])............................................... 15 
Figure 1.6 Temperature dependence of relative permittivity of Sr1-xCaxTiO3 
with x ranging from 0 to 0.12 (adapted from [31]). .......................................................... 18 
Figure 1.7 Temperature of maximum relative permittivity Tmax (a), γ-exponent 
(b), and ∆Tmax (c) as a function of x for Sr1-xCaxTiO3. Solid line in (a) shows 
the best fit to quantum ferroelectric relation (adapted from [31]). ................................... 19 
Figure 1.8 Phase diagram (1330 oC isotherm) for the ternary PbO-La2O3-TiO2 
system. The shaded area defines the single-phase region (adapted from [34]). ............... 22 
Figure 1.9 Schematic diagrams of different polarization mechanisms: 
electronic polarization (a), ionic polarization (b), dipolar polarization (c), and 
space charge polarization (d) (adapted from [39])............................................................ 25 
Figure 1.10 Schematic diagram of polarization by dipole chains and bound 
charges (adapted from [39]).............................................................................................. 27 
Figure 1.11 Schematic diagram of frequency dependence of polarizability of 
several polarization mechanisms (adapted from [39])...................................................... 27 
List of figures  
 IX
Figure 3.1 Experimental procedures in optimizing the processing parameters 
for mechanical activation and sintering (Part I)................................................................ 31 
Figure 3.2 Experimental procedures for post-sinter annealing of 
Pb0.70La0.20TiO3 (PLT-A20) (Part II) in Chapter 5 and studies of PLT-A20 
substituted with 10 to 50% Ca , Sr  and Ba  (Part III) in Chapter 6 and 
Chapter 7, respectively.
2+ 2+ 2+
..................................................................................................... 32 
Figure 3.3 Schematic diagram illustrating the geometry of an X-ray 
diffractometer. Two diffraction cones are shown, where G , S  and S  
represent the sample normal, incident beam, and the diffracted beam, 
respectively. (adapted from [49])
hkl o hkl
...................................................................................... 35 
Figure 3.4 Schematic diagrams of (a) the d-spacings of an unstrained (d ) and a 
strained  specimens (d ) at varying tilt angles ψ of an (hkl), and (b) the two 
coordinate systems involved in the triaxial strain measurements (adapted from 
[53]).
o
n
.................................................................................................................................. 39 
Figure 3.5 Schematic diagrams illustrating the geometries of sample tilt mode 
(a) and beam tilt mode (b)................................................................................................. 39 
Figure 3.6 Schematic diagram showing the basic components of a typical 
scanning electron microscope (adapted from [57]). ......................................................... 42 
Figure 3.7 Comparison of the electron ray paths in transmission electron 
microscope for imaging (a) and selected area electron diffraction (b) (adapted 
from [58]).......................................................................................................................... 45 
Figure 3.8 Schematic diagram illustrating the basic components of a secondary 
ion mass spectrometer (adapted from [59]). ..................................................................... 47 
Figure 4.1 XRD patterns of the powder mixture of PbO, TiO , and La O  
equivalent to Pb La TiO  in composition mechanically activated for 
various time periods ranging from 0 to 20.0 hours.
2 2 3
0.775 0.15 3
.......................................................... 51 
Figure 4.2 TEM micrographs of PLT-A with different levels of La doping: (a) 
Pb La TiO  (PLT-A10), (b) Pb La TiO  (PLT-A15), (c) 
Pb La TiO  (PLT-A20), and Pb La TiO  (PLT-A25).
0.85 0.10 3 0.775 0.15 3
0.70 0.20 3 0.625 0.25 3 ...................................... 53 
Figure 4.3 The relative density of Pb La TiO  (PLT-A15) derived from 
mechanical activation for 20.0 hours as a function of sintering temperatures 
ranging from 1050 C to 1250 C.
0.775 0.15 3
o o .................................................................................... 55 
List of figures  
 X
Figure 4.4 SEM micrographs of PLT-A15 synthesized by mechanical 
activation for 20.0 hours and sintered at different temperatures: (a) 1050 C, 
(b) 1100 C, (c) 1150 C, and (d) 1200 C.
o
o o o ....................................................................... 56 
Figure 4.5 XRD traces of PLT-A10 (a), PLT-A15 (b), PLT-A20 (c), and PLT-
A25 (d), derived from the powders mechanically activated for 20.0 hours and 
then sintered at 1200 C for 2.0 hours.o .............................................................................. 58 
Figure 4.6 The relative density of Pb La TiO  (PLT-A) derived from 20.0 
hours of mechanical activation and then sintered at 1200 C as a function of 
La-doping level with x ranging from 0.10 to 0.25.
1-3x/2 x 3
o
........................................................... 59 
Figure 4.7 SEM micrographs showing the surfaces of (a) PLT-A10, (b) PLT-
A15, (c) PLT-A20, and (d) PLT-A25 sintered at 1200 C.o ............................................... 60 
Figure 4.8 Average grain size of Pb La TiO  (PLT-A) as a function of La 
doping level with x ranging from 0.10 to 0.25.
1-3x/2 x 3
................................................................. 61 
Figure 4.9 Relative permittivity and dielectric loss as a function of temperature 
measured at 1000 Hz, 1500 Hz, 5000 Hz, and 10000 Hz for PLT-A10 (a), 
PLT-A15 (b), PLT-A20 (c), and PLT-A25 (d), respectively............................................ 62 
Figure 4.10 Curie temperature T  of Pb La TiO  (PLT-A) as a function of 
La doping level with x ranging from 0.10 to 0.25.
c 1-3x/2 x 3
........................................................... 64 
Figure 4.11 Relative permittivity and dielectric loss for Pb La TiO  at Curie 
temperature T , measured at the frequency of 1000 Hz, as a fucntion of La 
doping level with x ranging from 0.10 to 0.25.
1-3x/2 x 3
c
................................................................. 65 
Figure 5.1 XRD traces of PLT-A20 before (a) and after post-sinter annealing in 
oxygen for (b) 3.0, (c) 4.0, (d) 8.0, (e) 12.0, and (f) 24.0 hours. ...................................... 68 
Figure 5.2 XRD traces of PLT-A20 before (a) and after nitrogen annealing for 
(b) 4.0, (c) 8.0, (d) 12.0, (e) 24.0, and (f) 30.0 hours........................................................ 69 
Figure 5.3 SEM micrographs showing the polished and etched surfaces of 
PLT-A20: (a) before annealing, (b) annealed in oxygen for 12.0 hours at 800 
C, and (c) annealed in nitrogen for 12.0 hours at 800 C, respectively.o o .......................... 70 
Figure 5.4 Relative permittivity (a) and dielectric loss (b) at 1000 Hz as a 
function of temperature for PLT-A20 annealed in an oxygen atmosphere at 800 
C for 3.0, 4.0, 8.0, 12.0, and 24.0 hours together with that of before annealing.o ............ 73 
List of figures  
 XI
Figure 5.5 Relative permittivity (a) and dielectric loss (b) at Curie temperature 
T  of PLT-A20 annealed in an oxygen atmosphere as a function of annealing 
time ranging from 0 to 24.0 hours at 1000, 1500, and 10000 Hz.
c
.................................... 74 
Figure 5.6 The SIMS intensity counts of Pb, O, Ti, and La over the sputtered 
depth of up to 10.84 µm, for PLT-A20 annealed in an oxygen atmosphere at 
800 C for 4.0 hours.o ......................................................................................................... 78 
Figure 5.7 Temperature dependence of (a) relative permittivity and (b) 
dielectric loss measured at a frequency of 1000 Hz for PLT-A20 annealed in an 
oxygen atmosphere after the surface was polished off and at 400 C.o ............................. 79 
Figure 5.8 Relative permittivity (a) and dielectric loss (b) at 1000 Hz, as a 
function of temperature for PLT-A20 annealed in a nitrogen atmosphere at 800 
C for 4.0, 8.0, 12.0, 24.0, and 30.0 hours, together with those of as-sintered 
PLT-A20 and PLT-A20 re-annealed in an oxygen atmosphere at 800 C for 
12.0 hours.
o
o
......................................................................................................................... 80 
Figure 5.9 Relative permittivity (a) and dielectric loss (b) at T  for PLT-A20 
annealed in a nitrogen atmosphere as a function of annealing time ranging 
from 0 to 30.0 hours measured at 1000, 1500, 5000, and 10000 Hz, 
respectively.
c
...................................................................................................................... 82 
Figure 6.1 XRD traces of PLT-A10 substituted with (a) 10% (PBLT9010), (b) 
20% (PBLT8010), (c) 30% (PBLT7010), (d) 40% (PBLT6010), and (e) 50% 
Ba  (PBLT5010), respectively.2+ ....................................................................................... 91 
Figure 6.2 Lattice parameters a and c (a), aspect ratio (c/a) (b), and unit cell 
volume (c) for PLT-A10 with Ba  substitution varying from 10 to 50%.2+ ....................... 92 
Figure 6.3 Temperature dependence of relative permittivity of PLT-A10 with 
(a) 10% (PBLT9010), (b) 20% (PBLT8010), (c) 30% (PBLT7010), (d) 40% 
(PBLT6010), and (e) 50% (PBLT5010) of Ba  substitutions, when measured 
at frequencies ranging from 1000 Hz to 100000 Hz.
2+
........................................................ 93 
Figure 6.4 Temperature dependence of relative permittivity of PLT-A10 with 
10 to 50% Ba  substitution measured 100000 Hz.2+ .......................................................... 94 
Figure 6.5 Change in Curie temperature (T ) for PLT-A10 as a function of Ba  
substitution.
c
2+
....................................................................................................................... 95 
Figure 6.6 XRD diffraction patterns of PLT-A20 substituted with Ba  ranging 
from 10 to 50% and sintered at 1200 C for 2.0 hours: (a) Pb Ba La TiO  
2+
o
0.63 0.07 0.2 3
List of figures  
 XII
(PBLT9020), (b) Pb Ba La TiO  (PBLT8020), (c) Pb Ba La TiO  
(PBLT7020), (d) Pb Ba La TiO  (PBLT6020), and (e) 
Pb Ba La TiO  (PBLT5020), respectively.
0.56 0.14 0.2 3 0.49 0.21 0.2 3
0.42 0.28 0.2 3
0.35 0.35 0.2 3 ............................................................. 97 
Figure 6.7 XRD traces of PLT-A20 with 10 to 50% Sr  substitutions, sintered 
at 1200 C for 2.0 hours: (a) Pb Sr La TiO  (PSLT9020), (b) 
Pb Sr La TiO  (PSLT8020), (c) Pb Sr La TiO  (PSLT7020), (d) 
Pb Sr La TiO  (PSLT6020), and (e) Pb Sr La TiO  (PSLT5020).
2+
o
0.63 0.07 0.2 3
0.56 0.14 0.2 3 0.49 0.21 0.2 3
0.42 0.28 0.2 3 0.35 0.35 0.2 3 ................ 98 
Figure 6.8 XRD traces of (a) Pb Ca La TiO  (PCLT9020), (b) 
Pb Ca La TiO  (PCLT8020), (c) Pb Ca La TiO  (PCLT7020), (d) 
Pb Ca La TiO  (PCLT6020), and (e) Pb Ca La TiO  (PCLT5020), 
respectively, sintered at 1200 C for 2.0 hours.
0.63 0.07 0.2 3
0.56 0.14 0.2 3 0.49 0.21 0.2 3
0.42 0.28 0.2 3 0.35 0.35 0.2 3
o ................................................................ 99 
Figure 6.9 Relative densities for PLT-A20 substituted with 10 to 50% of Ba  
(a), Sr  (b), and Ca  (c), respectively.
2+
2+ 2+ .......................................................................... 102 
Figure 6.10 SEM micrographs of the polished and etched surfaces of 
PBLT9020 (a), PBLT8020 (b), PBLT7020 (c), PBLT6020 (d), and PBLT5020 
(e), synthesized via mechanical activation for 20.0 hours and then sintered at 
1200 C for 2.0 hours.o ..................................................................................................... 104 
Figure 6.11 SEM micrographs showing the polished and etched surfaces of 
PLT-A20 substituted with 10 to 50% Sr : (a) PSLT9020, (b) PSLT8020, (c) 
PSLT7020, (d) PSLT6020, and (e) PSLT5020.
2+
.............................................................. 106 
Figure 6.12 SEM micrographs showing the polished and etched surfaces of (a) 
PCLT9020, (b) PCLT8020, (c) PCLT7020, (d) PCLT6020, and (e) PCLT5020, 
synthesized via mechanical activation for 20.0 hours and then sintered at 1200 
C for 2.0 hours.o .............................................................................................................. 108 
Figure 6.13 Average grain size as a function of Ba  (a), Sr  (b) and Ca  (c) 
substitution, respectively, ranging from 10 to 50% for PBLT, PSLT and PCLT, 
respectively.
2+ 2+ 2+
.................................................................................................................... 109 
Figure 6.14 Relative permittivity for PLT-A20 substituted with Ba  (a), Sr  
(b), and Ca  (c) ranging from 10 to 50%, measured at 100000 Hz.
2+ 2+
2+ .............................. 111 
Figure 6.15 Temperature dependence of relative permittivity and dielectric loss 
of (a) PBLT9020, (b) PBLT8020, (c) PBLT7020, (d) PBLT6020 and (e) 
PBLT5020, respectively, measured at frequencies ranging from 1000 Hz to 
100000 Hz. Insets in (d) and (e) demonstrate the frequency dependence of 
relative permittivity maxima........................................................................................... 114 
List of figures  
 XIII
Figure 6.16 Temperature dependence of relative permittivity and dielectric loss 
of PLT-A20 substituted with (a) 10% (PSLT9020), (b) 20% (PSLT8020), (c) 
30% (PSLT7020), (d) 40% (PSLT6020), and (e) 50% of Sr  (PSLT5020), 
respectively, measured at frequencies ranging from 1000 Hz and 100000 Hz.
2+
............. 117 
Figure 6.17 Relative permittivity and dielectric loss as a function of 
temperature measured at frequencies ranging from 1000 Hz to 100000 Hz for 
(a) PCLT9020, (b) PCLT8020, (c) PCLT7020, (d) PCLT6020, and (e) 
PCLT5020, respectively. ................................................................................................ 121 
Figure 6.18 Lattice parameters (a), aspect ratio (c/a) (b), and unit cell volume 
(c) of PLT-A20 as a function of  Ba  substitution ranging from 10 to 50%.2+ ................ 124 
Figure 6.19 The variations of (a) lattice parameters, (b) aspect ratio (c/a), and 
(c) unit cell volume as a function of Sr  substitution ranging from 10 to 50%.2+ ............ 125 
Figure 6.20 Variations of lattice parameters (a), aspect ratio (c/a) (b), and unit 
cell volume (c) brought about by an increasing level of Ca  substitution from 
10 to 50%.
2+
....................................................................................................................... 127 
Figure 6.21 X-ray diffraction peak of (222) for PLT-A20 substituted with (a) 
Ba , (b) Sr , and (c) Ca  ranging from 0 to 50%, respectively.2+ 2+ 2+ .................................. 129 
Figure 6.22 Average microstrain brought about by Ba , Sr , and Ca  
substitutions into PLT-A20, ranging from 10 to 50%.
2+ 2+ 2+
................................................... 130 
Figure 6.23 Residual strain ε  induced in (222) vs. tilt angle ψ of crystallites 
with respect to sample normal for (a) PLT-A20, (b) PSLT5020, (c) PCLT5020 
and (d) PBLT5020 measured at 
'
33
φ  = 0 , 45  and 90 , respectively.o o o ................................ 134 
Figure 6.24 Plots of d-spacing vs. sin ψ for (a) PLT-A20, (b) PSLT5020, (c) 
PCLT5020, and (d) PBLT5020, respectively.
2
................................................................ 139 
Figure 6.25 Linear plots of (a) a1 vs. sin ψ and (b) a2 vs. sin|2ψ| for 
PCLT5020 measured at = 0 , 45  and 90 , respectively.
2
o o o ................................................ 141 
Figure 7.1 (a) Temperature corresponding to maximum relative permittivity 
(T ) measured at 100000 Hz and (b) γ-exponent as a function of Pb  content 
for PCLT ranging from 0.350 to 0.665 mol%. Solid line in (a) is the best fit to 
the quantum ferroelectric equation T  = 729.74 (x- 0.364 ± 0.061) .
max
2+
max
1/2 ........................ 148 
List of figures  
 XIV
Figure 7.2 Temperature dependence of relative permittivity of PCLT with 
various Pb  content ranging from 0.350 to 0.665 mol%, measured at 100000 
Hz.
2+
................................................................................................................................... 150 
Figure 7.3 Temperature dependence of relative permittivity of (a) PCLT5020 
and (b) PCLT5220 with 0.35 and 0.364 mol% of Pb  respectively, measured 
at the frequency of 100000 Hz [dots: experimental data; solid curves: fitting 
curves to the Barrett’s equation].
2+
.................................................................................... 151 
Figure 7.4 Relative permittivity as a function of temperature measured at 
frequencies ranging from 100 Hz to 100000 Hz for (a) PCLT5520, (b) 
PCLT6020, (c) PCLT6220, and (d) PCLT6520 containing 0.385, 0.420, 0.434 
and 0.455 mol% Pb , respectively.2+ ................................................................................ 154 
Figure 7.5 The relationship between the angular frequency (ω) and the 
reciprocal of T  for (a) PCLT6520, (b) PCLT6220, (c) PCLT6020, and (d) 
PCLT5520, respectively [dots: experimental data; solid lines: fitting curves to 
the Arrhenius equation].
max
.................................................................................................. 157 
Figure 7.6 The plots of angular frequency (ω) vs. T  for (a) PCLT6520, (b) 
PCLT6220, (c) PCLT6020, and (d) PCLT5520 [dots: experimental data; solid 
lines: fitting curves to the Vogel-Fulcher equation].
max
...................................................... 159 
Figure 7.7 Plots of (a) activation energy (E ) and (b) freezing temperature (T ) 
as a function of Pb  content ranging from 55% to 65% for PCLT.
a f
2+ ............................... 160 
Figure 7.8 Hysteresis loops for (a) PCLT8020 and (b) PCLT9020, measured at 
room temperature. ........................................................................................................... 163 
Publications and
 XV
 Conference Participations 
 PUBLICATIONS 
 
1. H. P. Soon, J. M. Xue, and J. Wang, “Dielectric Behaviours of Pb1-3x/2LaxTiO3 
Derived from Mechanical Activation”, J. Appl. Phys. 95, 4981 (2004). 
2. H. P. Soon, J. M. Xue, and J. Wang, “Effects of the Post-sinter Annealing on the 
Dielectric Properties of Pb1-3x/2LaxTiO3 (PLT-A20) Derived from Mechanical 
Activation”, accepted for publication in Integr. Ferroelectr.  
 
 
CONFERENCE PARTICIPATIONS 
 
1. Participant of EMF 2003, The European Meeting on Ferroelectrics (2003), 
Cambridge, United Kingdom. 
2. Participant of UFFC 2004, The IEEE International Ultrasonics, Ferroelectrics and 
Frequency Control 50th Anniversary Joint Conference (2004), Montreal, Canada. 
 
 
Chapter 1 
CHAPTER 1 A REVIEW ON STRUCTURE AND 
FERROELECTRICITY OF ABO3 PEROVSKITES 
 
1.1 Structure of ABO3 Perovskites 
 
Many ternary compounds of the general formula ABO3, where A represents a valence 
two cation occupies the cuboctahedral site and B denotes a valence four cation 
occupies the octahedral site, as shown in Figure 1.1, are excellent candidates for 
various technological applications, such as multilayer capacitors, sensors, actuators, 
piezoelectric sonar, ultrasonic transducers, and ferroelectric thin-film memories 
[1,2,3]. Besides, an enormous range of perovskite compositions and solid-solutions 
have been developed by A-site or B-site doping or both, in order to tailor their 
ferroelectric or piezoelectric properties for different applications. The best known 
examples include Pb1-3x/2LaxTiO3 (PLT), Pb(Mg1/2Nb2/3)O3 (PMN), and La-substituted 
PbTiO3-PbZrO3 (PLZT) that exhibit excellent ferroelectric and dielectric behaviours. 
Cuboctahedral
A O2- B 
Octahedra
 
Figure 1.1 Structure of ABO3 perovskites. 
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It is widely accepted that A-site distortions can lead to a stronger contribution to the 
change in local perovskite lattices than that of B-site. This can be elucidated by 
considering the differences in the local environments of A-site and B-site cations in an 
ideal perovskite structure. The oxygen nearest neighbour shell for an A-site cation has 
12-fold symmetry, in contrast to the broken one for B-site [4,5].  
 
1.2 Typical Dielectric Behaviours of ABO3 Perovskites 
 
Since the discovery of ferroelectricity in single-crystal Rochelle salt in 1921 [6] and 
its subsequent extension into the realm of polycrystalline BaTiO3 in 1940s [7,8], 
extensive research works have been done for understanding the natures of phase 
transitions and dielectric behaviours of ABO3 perovskite structures. Indeed, several 
types of dielectric behaviours have been discovered, such as the typical normal 
ferroelectricity, relaxor ferroelectricity and quantum paraelectricity. However, the 
origins of some of these behaviours are still debatable. Nevertheless, many 
investigators consider the importance and the correlations of soft-modes and dipolar 
long-range order of perovskite lattices on phase transitions and dielectric behaviours. 
A brief review on the characteristics and recent developments in the theories 
concerning the normal ferroelectricity, relaxor ferroelectricity and quantum 
paraelectricity is given in the following sections. 
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1.2.1 Normal Ferroelectricity 
 
It is well known that both BaTiO3 and PbTiO3 are the typical normal ferroelectric, 
which exhibits a well-defined phase transition temperature (Curie temperature Tc), as 
shown in Figure 1.2 (a) [9]. At temperatures higher than Tc, the dependence of relative 
permittivity on temperature obeys the Curie-Weiss law, as shown by Equation (1-1). 
           
cTT
C
−=ε                                                                                                      (1-1) 
where ε  is the relative permittivity; 
          C is the Curie-Weiss Constant; 
          T is temperature; 
          Tc is the Curie temperature. 
 
As demonstrated in Figure 1.2 (b), the occurrences of large remanent polarization (Pr) 
and coercive field (Ec) indicate the presence of macro-domains in association with the 
cooperative natures of dipoles. The polarization of a normal ferroelectric is considered 
to consist of two parts: a linear part caused by electronic and ionic polarizations, as 
indicated by slope 1 in Figure 1.2 (b), and a non-linear part which is associated with 
the couplings among the dipoles and can be saturated by a high enough applied 
electric field. The non-linear part gives only a small contribution to the polarization at 
low electric field strength; however with increasing field strength, the cooperative 
couplings among the dipoles increase significantly, leading to formation of macro-
domains. Thus, the polarization is dominated by the non-linear part. With the 
presence of these strong dipolar couplings, a large reversible field is required to 
induce the switching of dipolar orientations, thus a large Ec is resulted. Furthermore, 
as shown in Figure 1.2 (c), the saturation polarization (Ps) decreases with increasing 
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temperature and vanishes at Tc, implying that no polar domains exist at temperatures 
above Tc. The vanishing of Ps is discontinuous for a displacive transition whereas 
continuous for a second-order phase transition. 
 
(a) (b)  
 
Figure 1.2 Temperature dependence of relative permittivity (a), P-E hysteresis 
loop (b), and temperature dependence of polarization (c) of a typical normal 
ferroelectric (adapted from [9]). 
 
The understanding on the nature of normal ferroelectricity is still incomplete, 
especially on why upon cooling from high temperature, perovskites that exhibit 
different chemical natures can undergo different phase transitions, although they are 
originated from similar high temperature cubic phases. For example, BaTiO3 
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undergoes three phase transitions, cubic to tetragonal (393 K), tetragonal to 
orthorhombic (278 K) and orthorhombic to rhombohedral (187 K), in contrast to the 
only cubic to tetragonal transition for PbTiO3 at 766 K. To clarify this point, Cohen 
[10,11] has elucidated the fundamental differences in the ferroelectricity exhibited by 
BaTiO3 and PbTiO3. According to his electronic-structure calculations, the great 
sensitivity of ferroelectricity to structural chemistry, defects, electrical boundary 
conditions and pressure arises from a delicate balance between the long-range 
Coulombic forces, which favour the ferroelectric states, and the short-range 
repulsions, which favour the non-polar cubic states. Furthermore, the Pb-O 
hybridization in PbTiO3 stabilizes the tetragonal phase by introducing 6% strain in the 
c-axis of the perovskite lattice, whereas the completely ionic interaction between Ba2+ 
and O2- causes the most stable structure as rhombohedral for BaTiO3 [12]. 
 
It is well-known that the dielectric behaviour is originated from the polarization or, in 
other words, the alignments of dipole moments in the direction of electric field; 
however, the assumption that the polarization ( P ) is directly proportional to the 
applied electric field ( E ), as shown in Equation (1-2), does not hold well to a 
condensed material, especially to ferroelectrics where a large polarization is given by 
only a small E . 
 ENP α=                   (1-2) 
where N is the number of dipoles per unit volume; and 
          α is the polarizability of a dipole. 
As a result, Devonshire [ 13 ] first described the dielectric behaviours with his 
“Displacive Model” by applying Lorentz correction, as illustrated in Figure 1.3 (a). 
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Microscopically, a central dipole is assumed to be surrounded by a spherical cavity 
whose radius R is sufficiently large where the surrounding matrix may be treated as a 
continuous medium. The local electric field ( locE ) acting on the central dipole is a 
summation of the external field ( E ), the field due to the charges at the external 
surfaces of the sample ( 1E ), the field induced by the charges on the surface of the 
Lorentz sphere ( 2E ), and the field caused by the dipoles within the Lorentz sphere 
( 3E ). It can be clearly seen that locE  is much larger than the applied electric field, 
and thus neighbouring dipoles are more effectively polarized cooperatively than that 
of only by the applied field. This model successfully explains the discrepancies 
between the physical behaviour suggested by Equation (1-2) and the experimental 
results observed in ferroelectrics.  
 
On the other hand, as demonstrated by Equation (1-3) below, a description on the 
dependence of relative permittivity on temperature for a normal ferroelectric was also 
given in this model. 
 ( ) 220 sAn ωε +=                   (1-3) 
where ε(0) is the static relative permittivity; 
           n is the refractive index; 
           ωs is the angular frequency of soft-mode; and 
           A is a constant. 
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ambiguous assumption of Lorentz sphere suggested in Devonshire’s model. A 
breakthrough on understanding the nature of Lorentz correction was then realized. 
Indeed, similar approaches using first principle calculations have drawn the attentions 
from many researchers. 
 
 
As shown in Figure 1.4 (a-c), a relaxor ferroelectric is characterized by both of its 
diffuse phase transition (DPT) with strong frequency dispersions of dielectric maxima 
(ε 
1.2.2 Relaxor Ferroelectrics 
ysteresis loop. In contrast to a normal ferroelectric, there are 
o macro-domains present in a relaxor, resulting in a rather low remanent polarization 
(P ). This phenomenon can be attributed to the re-acquisition of random dipolar 
rientations of nano-sized domains upon removing the applied electric field. Owing to 
Furthermore, a typical relaxor ferroelectric also exhibits a strong deviation from the 
Curie-Weiss law at temperatures higher than Tmax. Due to this discrepancy, quadratic 
equations [Equations (1-4) and (1-5)] were suggested to describe the temperature 
dependence of relative permittivity of a relaxor at temperatures higher than Tmax, 
where both γ-exponent and δ reflect the diffusiveness of a relaxor and C  is the Curie-
eiss like constant [15]. The γ-exponent is 1 for a sharp transition and it lies in the 
max), and its slim P-E h
n
r
o
the interactions among these nano-domains or dipolar clusters, Pr persists even at the 
temperatures well above the temperature of ε max (Tmax), as shown in Figure 1.4 (c).  
 
 '
W
range 21 ≤< γ  for a diffusive transition. 
 
( )
'
max
max11 C
TT γ−εε =−                  (1-4) 
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( )γδε
ε max
2
1ln TT −=⎟⎠
⎞⎜⎝
⎛                  (1-5) 
 
max2
al 
relaxor (adapted from [9]). 
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behaviour. In his model, the interactions between nano-polar clusters were assumed to 
be negligible and the frequency dispersion of a relaxor was governed by a simple 
Debye relationship in association with the relaxation of dipoles at a particular 
temperature, as demonstrated by Equation (1-6) to (1-8). 
 ( ) ( ) ( )ωεωεωε "' i+=                  (1-6) 
 ( ) ( ) ( ) ( )22' 1
0
τω
εε ∞−εωε ++∞=                 (1-7) 
 ( ) ( ) ωττω
εεωε 221+=                  (1-8) 
where ε(ω) is frequency dependence of relative permittivity; 
" )(0 ∞−
           ε ' (ω) is the real part of ε(ω); 
           ε "(ω) is the imaginary part of ε(ω); 
        ω is the angular frequency of the applied ac field; 
         ε(0) is the static dielectric con ant ~ε );  
           ε(∞) is the high frequency relative permittivity; and 
            τ is relaxation time. 
Since the relaxation was suggested to be a simple thermally activated hopping process 
between equivalent dipolar orientations, τ was then expected to obey the Arrhenius 
  
  st (∞
law: 
 [ ]TkE Bo −= −− exp11 ττ                  (1-9) 
rgy. 
where τo is the reciprocal of the attempt frequency ωo; and 
           E is the activation ene
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Unfortunately, physically unrealistic activation energy (E) and the pre-exponential 
factor (τo) were obtained at approximately 7 eV and 1040 s-1 for PMN, indicating that 
the relaxor behaviour is not simply caused by the thermally activated polarization 
uctuations of non-interacting dipolar clusters [19  To c sider he im
dipolar interactions between the clusters, the dipolar glass model [20] and random 
 
fl ]. on  t portance of 
fields model [21,22] were then proposed.  
 
The relaxation process of a relaxor can be considered as a dipolar-glass system which 
can be described by the Vogel-Fulcher relationship: 
)](/exp[ max fBao TTkEf −−=ω               (1-10) 
         Ea is the activation energy; 
max ittivity; and 
Tf is the static freezing temperature. 
a) increases as the temperature 
at the freezing temperature Tf. Ea can be visualized 
perature dependence of polarization fluctuation in 
an isolated cluster under the interactions of neighbouring dipolar clusters. In other 
words, the tendency of relaxor behaviour increases with decreasing Ea. On the other 
hin a cluster is 
ample loses all the cooperative couplings 
where ω is the angular frequency of applied ac field; 
           fo is the attempt frequency; 
  
           kB is the Boltzman constant; 
          T  is the temperature of maximum relative perm
          
In this relationship, the mean activation energy (E
decreases and becomes undefined 
as the activation energy for the tem
hand, Tf defines the temperature at which the polarization wit
randomized. Consequently at Tf, a poled s
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between the dipoles and thus results in a collapse of remanent polarization. 
Apparently, Tf can only be considered as a theoretical physical quantity as the 
vanishing of remanent polarization has never been observed experimentally at this 
temperature. This is because dipolar couplings always exist within a dipolar cluster no 
matter how small the size of the clusters is. 
 
On the other hand, the frequency dispersion observed in the typical relaxor behaviour 
is a reflection of significant cluster size dispersion that was discovered by Randall [17] 
and Harmer [23] using TEM. The response of the smaller clusters which fluctuate 
more rapidly will “clamp out” at lower temperatures becoming paraelectric, whereas 
large clusters are unable to follow the drive with high frequency and they persist to 
higher temperatures. When this occurs, the average distances among the remaining 
ipolar clusters increase, leading to a decrease of their interactions. Thus, further 
Similar ideas have been proposed by the random fields model except the long-range 
polar order is argued to be preserved, if there is no applied electric field. In other 
d
heating results in the co-existence of polar and non-polar regions with the volume 
fraction of the dipolar clusters decreases with increasing temperature. As a result, the 
frequency dispersion, which demonstrates a shifting of Tmax to higher temperatures 
and a decrease of ε max with increasing frequency, can be attributed to the existence of 
only some large dipolar clusters that contribute to the dielectric behaviour after the 
disappearance of small clusters. In short, the key factors for the occurrence of relaxor 
behaviour are formation of the dipolar clusters in association with a breakdown in the 
dipolar long-range order, and the interactions between these clusters. 
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words, a breakdown in long-range polar order or formation of the dipolar clusters can 
only be induced by applying an electric field. This phenomenon is believed to be 
induced by the differences in polarizing natures among the unit cells under the 
fluences of dopants or impurities. Apparently, both dipolar glass and random field 
models are still holding well for describing the relaxor behaviours of most of the 
complex perovskites. 
 
It is well-known that both KTaO3 and SrTiO3 are the typical quantum paraelectrics. 
At high temperatures, both of them exhibit ideal cubic perovskite structures. Similar 
to a normal ferroelectric, the angular frequency of soft-mode of a quantum 
paraelectric decreases or softens with decreasing temperature; however, soft-mode of 
 quantum paraelectric is prevented from vanishing by quantum mechanical 
 transition is observed upon cooling from high 
temperature to 0 K [24,25], implying that the paraelectric phase is always stabilized. 
The typical quantum paraelectric is manifested by both the deviation from the Curie-
Weiss law at high temperatures and the culmination of temperature independent 
relative permittivity at low temperatures. For instance, SrTiO  exhibits a constant 
relative permittivity from 0.03 K to 4 K, as shown in Figure 1.5 [25]. 
orthorhombic structure, with lattice parameters a = 5.367 Å, b = 7.644 Å, and c = 
in
 
1.2.3 Quantum Paraelectricity 
a
fluctuations and thus no phase
3
 
Perovskite CaTiO3 is the “founding father” of a big family of perovskite compounds. 
In contrast to SrTiO3 and KTaO3, there is still a lack of understanding on the origin of 
quantum paraelectricity of CaTiO3. It exhibits a cubic structure at T > 1580 K, and an 
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5.444 Å at T < 1380 K [26], implying that only a small distortion from cubic structure 
is resulted upon cooling from high temperature. CaTiO3 experiences no phase 
ansition down to T = 0 K, exhibiting a similar dielectric behaviour as that of SrTiO3 
and KTaO , although there is no quantum mechanical fluctuations involved. As a 
result, whether CaTiO  should be classified as a quantum paraelectric is still 
debatable. 
 
tr
3
3
 
An empirical model was proposed by Barrett [27] in 1950s to describe the quantum 
paraelectric behaviours observed in SrTiO3 and KTaO3. By treating Slater’s model 
[14] quantum mechanically, the temperature dependence of relative permittivity 
manifested by the quantum effect can be described by the Barrett’s equation: 
oTTTT
CA −+= )2/coth()2/( 11
ε              (1-11) 
here ε is the relative permittivity; 
           T1 is the critical temperature below which quantum effect is important; and 
           To is the critical temperature below which ferroelectric phase transition occurs. 
w
           A is the static relative permittivity; 
           C is the Curie-Weiss constant; 
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Figure 1.5 Plot of relative permitt
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mperatures above T1, the quantum effect is unnoticeable. In other words, quantum 
paraelectricity is observed when the stabilization energy of polarized dipoles is less 
dominant than quantum mechanical energy. An increase in quantum mechanical 
energy can be achieved by tilting or shrinkage of the perovskite lattices, which 
destroys the cooperative couplings between the dipoles. A breakdown in the dipolar 
long-range order is then arisen, resulting in a destabilization of ferroelectric states 
[28]. 
s. tem eratu e for rTiO
here the temperature 
 4 K (adapted from [25
It was suggested that if a material undergoes a transition to ferroelectric state at a 
te
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1.2.4 Crossover from Quantum Paraelectricity to Quantum Ferroelectricity and 
to Relaxor 
nce of quantum ferroelectricity was first realized by Samara [29] by 
s demonstrated in Figure 1.7 (a), the quantum ferroelectric regime is characterized 
 
he occurreT
applying hydrostatic pressure to KH2PO4. As reported by Uwe and Sakudo [30], a 
ferroelectric transition can also be induced by the application of an uniaxial stress to 
the c-axis of a perovskite lattice of quantum paraelectric SrTiO3. On the other hand, it 
is also well known that by adding a small amount of Ca2+, Bi3+ and Ba2+ into SrTiO3, 
a transition from quantum paraelectric to quantum ferroelectric and to relaxor was 
obtained [31,32], as shown in Figure 1.6.  
 
A
by the quantum ferroelectric equation [Equation (1-12)], where Tmax increases with 
increasing Ca2+ substitution accordingly, before a critical composition xr is reached. 
On the other hand, a critical concentration xc can be obtained through mathematically 
fitting all the data points to Equation (1-11). xc, which is termed as the quantum limit 
and separates the quantum paraelectric and the quantum ferroelectric regimes by 
defining the minimum concentration of impurity required for inducing quantum 
ferroelectricity. 
 2
1
max )( cxxAT = −                (1-12) 
here Tmax is the temperature at ε max
 limit; and 
rity. 
w ; 
          A is a constant; 
          xc is the quantum
          x is the concentration of impu
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Furthermore, the γ-exponent, which is obtained by fitting the relative permittivity at T 
> Tmax to Equation (1-4), increases from ~1 with decreasing amount of impurities 
from the critical concentration xr, and becomes ~2 at x = xc, as shown in Figure 1.7 
(b). xr can thus be considered as the critical composition to induce a crossover from 
normal ferroelectricity to quantum ferroelectricity, from which an increasing 
influence of the quantum effect with decreasing amount of substitution is observed. 
Moreover, the strong deviation from the classical Curie-Weiss law, as indicated by the 
variation of γ-exponent from 1, reflects the main difference between a quantum and 
normal ferroelectricity, although both exhibit similar sharp transitions. On the other 
hand, ∆Tmax, which quantifies the degree of diffusiveness of dielectric transition by 
Equation (1-13), decreases slightly from ~2.5 to ~1.25 with increasing level of 
substitution for x < xr, implying that there is only little or no diffusive transition 
involved, as shown in Figure 1.7 (c). 
)()9.0( maxmaxmax εε TTT −=∆ , for T(0.9ε max) > T(ε max)           (1-13) 
where T(0.9ε max) is the temperature at 90% of ε max at a particular frequency; and 
max max          T(ε ) is the temperature at ε . 
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6 Sr1-xCaxTiO3
 
Figure 1.6 Temperature dependence of relative permittivity of Sr1-xCaxTiO3 with 
x ranging from 0 to 0.12 (adapted from [31]). 
 
In contrast to x < xr regime, there is a linear increase of Tmax with increasing level of 
substitution for x > xr, as suggested by Figure 1.7 (a), demonstrating a strong 
deviation from the quantum ferroelectric equation [(Equation (1-12)] at which, a 
classical transition from normal ferroelectricity to relaxor is observed. It can also be 
clearly seen in Figures 1.7 (b-c) that γ-exponent at first shows an increase and then 
follows by a decrease in contrast to the monotonic increase of ∆Tmax with increasing x 
for x > xr, indicating the occurrence of a transition from relaxor to normal ferroelectric 
with large diffusiveness. 
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Figure 1.7 Temperature of maximum relative permittivity Tmax (a), γ-exponent 
(b), and ∆Tmax (c) as a function of x for Sr1-xCaxTiO3. Solid line in (a) shows the 
best fit to quantum ferroelectric relation (adapted from [31]). 
 
The natures of the crossover from quantum paraelectric to quantum ferroelectric and 
then to relaxor with increasing level of substitution are still remained unclear. 
Apparently, these transitions were attributed to the competition between random 
fields induced in perovskite lattices and the interactions among the dipolar clusters. 
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applying an electric field in correspondence with the difference in polarization 
characteristics of off-centred impurities or impurities-vacancy pairs present in the 
system. Formation of non-interacting micro-domains with dipolar long-range order is 
then realized. This has been further confirmed by Klink et. al. [33], suggesting that 
each Nb5+ in KTa1-xNbxO3 is able to polarize 100 quantum paraelectric KTaO3 unit 
cells as evidenced by his Nuclear Magnetic Resonance (NMR) analysis.  
 
Further increasing the level of substitution results in a breakdown in the dipolar long-
range order, leading to formation of the dipolar clusters that interact with each other. 
The occurrence of relaxor or even normal ferroelectric state is thus realized depending 
on the level of substitution. The nucleation of ferroelectric states induced by heavy 
substitution can be attributed to the percolations and the overlap of the dipolar 
clusters.  
 
1.3 Doping PbTiO3 with La3+ and Valence Two Cations 
 
It is well-known that when PbTiO3 is substituted with La3+, two distinct types of 
defect structures, A-site and B-site vacancies, can be created to keep the charge 
neutrality of the perovskite lattices. In 1970s, Hennings et. al. [34,35] first performed 
an investigation into the structure and phase diagram of ternary PbO-TiO2-La2O3 
(PLT) system, as shown in Figure 1.8. It was suggested that La3+ (r = 1.032 Å) 
replaces Pb2+ (r = 1.19 Å) rather than Ti4+ in PbTiO3. Moreover, stoichiometry of PLT 
with the coexistence of A-site and B-site vacancies at a given equilibrium 
thermodynamic condition can be described by: 
 20
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where α is the Pb-elimination factor and has a value between 0.75 and 1.5. If La3+ 
exclusively substitutes either Pb2+ into A-site or Ti4+ into B-site, α has a value of 1.5 
or 0.75, respectively. In other words, the corresponding defect formulae for PLT 
characterized either by exclusively A-site vacancies (PLT-A) or B-site vacancies 
(PLT-B) are respectively: 
 PLT-A: (Pb1-3x/2LaxVx/2)TiO3;                 (1-15) 
 PLT-B: (Pb1-xLax)(Ti1-x/4Vx/4)O3;              (1-16) 
where V denotes the vacant site. 
 
Adapting a similar idea as Henning’s, Kim et. al. [36,37] successfully estimated the 
Pb-elimination factor α using inductively coupled plasma (ICP) analysis, further 
confirming that α for PLT-A is close to 1.5, implying that La3+ substitution only 
resulted in A-site vacancies. In contrast, both A-site and B-site vacancies were created 
for PLT-B, leading to an increase of α from 0.775 to 0.837 with increasing level of 
La3+ substitution. Furthermore, their study also revealed the natures of both A-site and 
B-site vacancies and their effects on the dielectric properties of PLT. A-site vacancy 
only induces a strain field to Ti-O octahedral, whereas B-site vacancy acts to break 
the translational invariance of the polarization and the cooperative couplings between 
the octahedra. As a result, the relaxor behaviours observed in PLT are primarily 
manifested by B-site vacancies. 
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Figure 1.8 Phase diagram (1330 oC isotherm) for the ternary PbO-La2O3-TiO2 
system. The shaded area defines the single-phase region (adapted from [34]). 
 
It is widely accepted that the ferroelectric state of PbTiO3 is favoured by the long-
range Coulombic forces, as what has been previously mentioned in Section 1.2.1 for 
normal ferroelectricity. Pb2+ exhibits an electronic configuration of [Xe]4f145d106s2. 
The two outer electrons in 6s shell distinguish Pb2+ from other valence two cations, 
such as Ca2+, Sr2+ or Ba2+ with octet electronic configuration. Due to the presence of 
lone pair electrons, Pb-O hybridization is favourable in a perovskite lattice, leading to 
stabilization of polar tetragonal phase [10]. With such a high polarizability, Pb2+ plays 
a very important role in enhancing the cooperative couplings between the perovskite 
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lattices, resulting in formation of macro-domains [11]. In contrast, substituting Pb2+ in 
PbTiO3 by Ca2+, Sr2+ or Ba2+ with octet electronic configuration results in a 
deterioration of cooperative interactions among the unit cells. Thus, a breakdown in 
the dipolar long-range order is then arisen, implying that there is an increasing 
probability for the occurrence of relaxor behaviour or quantum paraelectricity with 
the reasons suggested previously in Section 1.2.2 and Section 1.2.3. In addition, a 
decrease in Tc or Tmax with increasing level of iso-valent substitution is commonly 
observed in many ABO3 perovskite systems, which is believed to be caused by the 
weakening of Pb-O-Ti couplings due to Pb2+ dilution [38]. 
 
1.4 Space Charge Polarization 
 
As shown in Figure 1.9, the possible mechanisms for polarization in a dielectric 
material include electronic, ionic, dipolar and space charge polarizations [ 39 ]. 
Electronic polarization is a common process to all materials, which is association with 
the shift of centre of the negatively charged electron clouds with respect to the 
positively charged atomic nucleus, corresponding to an applied electric field. Similar 
to electronic polarization, ionic polarization is induced by the relative displacements 
of positively charged and negative charged ions in an ionic solid. On the other hand, 
dipolar polarization is mainly caused by the presence of permanent electric dipoles 
that exist even in the absence of an applied field. In contrast to the mechanisms 
discussed above, space charge polarization is mainly brought about by the charge 
carriers trapped at grain boundaries, such as vacancies, free electrons and holes. Since 
all of these charge carriers are not supplied or discharged at the electrodes, an increase 
in capacitance, as well as the relative permittivity, is then resulted. In particular, this 
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mechanism has a significant influence on the dielectric properties of polycrystalline 
ferroelectric perovskite with a certain level of A-site or B-site doping, by which 
various types of vacancies are created for charge neutrality.  
 
When applying an electric field, motion of charge carriers occurs readily through a 
grain but is interrupted when it reaches a grain boundary, thus resulting in a build-up 
of the charge carriers. As shown in Figure 1.10, presence of the entrapped charges at 
the grain boundaries significantly increases the concentration of bound charges 
induced at the electrodes during the dielectric measurement, leading to an increase in 
relative permittivity measured, as demonstrated by Equation (1-17). Thus, space 
charge polarization, which is characterised by a high relative permittivity 
accompanied with a high dielectric loss, does not reflect the intrinsic dielectric 
property of a material. 
 
F
b
C
C+= 1ε                  (1-17) 
where ε is the relative permittivity; 
          Cb is the concentration of bound charges; and 
          Cf is the concentration of free charges.  
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Figure 1.9 Schematic diagrams of different polarization mechanisms: electronic 
polarization (a), ionic polarization (b), dipolar polarization (c), and space charge 
polarization (d) (adapted from [39]). 
 
In addition, space charge polarization also shows a very strong dependence on 
temperature, which increases with increasing temperature in association with the 
increase in charge mobility.  
 
In an ideal capacitor, all the charge carriers are expected to adjust themselves 
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always an inertia on dielectric response for a charge carrier, showing a frequency 
dependence of relaxation time for the mass transportation. Figure 1.11 demonstrates 
the frequency dependence of the polarizability for electronic, ionic, dipolar and space 
charge polarizations. It can be clearly seen that space charge polarization only 
dominates at low frequency range (1 to 10000 Hz), indicating that the response taken 
up by entrapped charges at the grain boundaries is relatively slow in correspondence 
to the change in direction of an applied electric field. 
 
It is well-known that space charge polarization is sometimes very susceptible to the 
synthesizing parameters in association with the induced defect structures, especially 
for lead-based or bismuth-based ferroelectrics. This phenomenon can be attributed to 
the evaporation of PbO or Bi2O3 at high sintering temperatures, by which A-site or 
oxygen vacancies or both may be created. Many research works have already 
suggested that post-sinter annealing carried out in different atmospheres can modulate 
the defect structures of a perovskite compound effectively [40,41,42,43]. For example, 
post-sinter annealing of a lead-based ferroelectric in a reducing atmosphere, such as 
nitrogen, may result in severe PbO loss, leading to formation of large concentration of 
A-site vacancies. In contrast to nitrogen atmosphere, post-sinter annealing carried out 
in an oxygen atmosphere may recover oxygen vacancies brought about by sintering at 
high temperatures, leading to inhibition of space charge polarization. Thus, by 
selecting a proper thermal schedule, post-sinter annealing can modulate the dielectric 
properties of a ferroelectric by changing the defect structures and polarization 
mechanisms. 
 
 26
Chapter 1 
 
Figure 1.10 Schematic diagram of polarization by dipole chains and bound 
charges (adapted from [39]). 
 
 
Figure 1.11 Schematic diagram of frequency dependence of polarizability of 
several polarization mechanisms (adapted from [39]). 
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CHAPTER 2 MOTIVATIONS AND OBJECTIVES OF 
RESEARCH PROJECT 
 
As reviewed in Chapter 1 on the structure and ferroelectricity of ABO3 perovskites, 
the perovskite structure exhibits a delicate balance between the long-range Coulombic 
forces and the short-range repulsions. On the other hand, the dominating factors that 
are responsible for the dielectric behaviours of a lead-based perovskite can be 
identified as follows: 
1) The cooperative couplings among the unit cells in association with the high 
polarizability of Pb2+: The stability of a ferroelectric state increases with the 
increasing couplings, leading to an increasing tendency towards formation of 
macro-domains. Normal ferroelectricity is then exhibited. 
2) The dipolar long-range order correlated to the polarization characteristics of 
each of the unit cells: It is well known that the dielectric behaviours of a 
ferroelectric are controlled by its local structural parameters, implying that the 
presence of certain impurities, which varies the polarization characteristics of 
a parent material locally, can destroy the dipolar long-range order. Thus, 
formation of nano-domains or dipolar clusters is then realized. 
3) The interactions or couplings among nano-domains or dipolar clusters: 
Interactions among the dipolar clusters may significantly increase with 
increasing level of substitution, depending on nature of the substitution. The 
switching of dipoles in dipolar clusters are strongly affected by the couplings 
of neighbouring clusters. 
4) The presence of vacancies brought about by doping or synthesis controls: 
Different types of vacancies, such as A-site, B-site or oxygen vacancies are 
 28
Chapter 2 
created by cation substitutions for keeping charge neutrality of the perovskite 
lattices. Manifesting by a particular type of vacancies, space charge 
polarization and/or relaxor behaviour take place. 
 
While the basic dielectric behaviours of lead-based ABO3 perovskites have been 
studied previously by many investigators, the present project is aimed at studying Pb1-
3x/2LaxTiO3 (PLT-A) with the following objectives: 
i) Structure and dielectric behaviours of PLT-A upon post-sinter annealing:  
As mentioned earlier, PLT-A is exclusively characterised by A-site vacancies [36]. 
To further modulate the defect structure of PLT-A, post-sinter annealing in both 
oxygen and nitrogen atmospheres was carried out. The resulting dielectric 
behaviour of PLT-A before and after the post-sinter annealing were characterized 
and made understood.  
 
ii) Correlations between residual strains and dielectric behaviours in PLT-
A-based perovskites:  
PLT-A exhibits a pseudocubic perovskite structure, which undergoes a displacive 
transition, when the concentration of La3+ doping is lower than 30 mol%. Such 
structure is shown by several relaxors and quantum paraelectrics. While the aspect 
ratio (c/a) of PLT-A decreases with increasing level of La3+ substitution [44], 
PLT-A with 20 mol% of La3+ (PLT-A20) was selected for further study, by 
substituting with iso-valent Ca2+, Sr2+ or Ba2+ for Pb2+.  
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As mentioned earlier, A-site distortion can make a greater contribution towards the 
dimensional changes of perovskite structure than that of B-site [11]. Thus, the iso-
valent substitutions with Ca2+, Sr2+ and Ba2+ into A-site for Pb2+ in PLT-A20 can 
lead to a distortion in the perovskite lattice, as a result of the size mismatch. On 
the other hand, the distortions in perovskite lattice brought about by these 
substitutions can be quantified by a strain parameter, which can be determined by 
X-ray diffraction (XRD). A correlation between the lattice distortion and the 
dielectric behaviour is expected by varying the amount of Ca2+, Sr2+ or Ba2+ 
substitution from 10 to 50%. Indeed, little work has been done in establishing the 
dependence of the dielectric behaviours of ABO3 perovskite on the lattice strains. 
 
To minimize the unwanted PbO loss at high temperature, mechanical activation, 
which was successfully utilized to synthesize several Pb-based complex 
perovskites at room temperature [45,46,47,48], was employed to synthesize PLT-
A20 and other PLT-A-based compositions. 
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CHAPTER 3 EXPERIMENTAL PROCEDURES 
 
Pb1-3x/2LaxTiO3 (PLT-A) 
 
Figure 3.1 Experimental procedures in optimizing the processing parameters for 
mechanical activation and sintering (Part I). 
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Pb0.70La0.20TiO3 (PLT-A20) Pb0.70La0.20TiO3 (PLT-A20) 
substituted with Ca2+, Sr2+ 
and Ba2+ from 10 to 50%. 
 
Figure 3.2 Experimental procedures for post-sinter annealing of Pb0.70La0.20TiO3 
(PLT-A20) (Part II) in Chapter 5 and studies of PLT-A20 substituted with 10 to 
50% Ca2+, Sr2+ and Ba2+ (Part III) in Chapter 6 and Chapter 7, respectively. 
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3.1 Mechanical Activation, Sintering and Post-sinter Annealing 
 
The starting materials used for synthesizing both Pb1-3x/2LaxTiO3 (PLT-A) with x 
ranging from 0.10 to 0.25 and Pb0.70La0.20TiO3 (PLT-A20) with 10-50% A-site 
substitutions by Ca2+ (PCLT), Sr2+ (PSLT) and Ba2+ (PBLT) are commercially 
available oxides, as listed in the following: 
♦ PbO (99.9% in purity, Aldrich) 
♦ TiO2 (rutile, > 95% in purity, Merck) 
♦ La2O3 (99.9% in purity, Aldrich) 
♦ CaO (99.9% in purity, Aldrich) 
♦ SrO (99.9% in purity, Aldrich) 
♦ BaO (> 97% in purity, Aldrich) 
 
To synthesize four compositions of PLT-A with x ranging from 0.10 to 0.25, 
appropriate amounts of the constituent oxides, as required by the stoichiometries of 
these compositions, were first mixed in a conventional ball mill using zirconia balls of 
5mm in diameter as the milling media in ethanol for 20.0 hours. The resulting slurries 
were then dried at ~80 oC and the as-dried powder mixture were subsequently ground 
and sieved for breaking up the large powder lumps. A batch of five grams of each 
composition was then loaded into a cylindrical vial of 40 mm in diameter together 
with a hardened steel ball of 20 mm in diameter. Mechanical activation was then 
carried out in a high-energy shaker mill (SPEX 8000) operated at 900 rpm. Various 
time periods ranging from 5.0 to 20.0 hours were employed for optimizing the 
synthesis parameters for PLT-A, as stated previously in Figure 3.1. It was observed 
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that the required single-phase PLT-A was formed upon 20.0 hours of mechanical 
activation. In contrast, a slightly different fabrication process was utilized for PCLT, 
PSLT or PBLT, in which conventional ball milling was not carried out prior to 
mechanical activation for preventing the hydrolysis of CaO, SrO or BaO in the oxide 
mixture. 
 
The compositions derived from mechanical activation of mixed oxides for 20.0 hours 
were then cold pressed into pellets of 10 mm in diameter and 1.5 mm in thickness at a 
uniaxial pressure of 40 MPa. They were then sintered in a covered alumina crucible at 
1200 oC for 2.0 hours in a chamber furnace (Carbolite). Heating rate was fixed at 3 
oC/min, whereas cooling rate was 10 oC/min. Unlike in the conventional ceramic 
process for lead-based perovskites, a PbO rich atmosphere was not employed. This 
was to avoid the problem caused by excess PbO absorption and thus minimizing 
formation of the B-site vacancies. Densities of the sintered pellets were determined by 
the Archimedes methods in distilled water with a few drops of wetting agent. For 
porous samples, densities were determined on the basis of their masses and 
dimensions. 
 
PLT-A20 were selected for post-sinter annealing under four different conditions: (a) 
annealing in an oxygen atmosphere for various time periods at 800 oC; (b) annealing 
in nitrogen for various time intervals at 800 oC; (c) annealing in oxygen for 4.0 hours 
at 400 oC; (d) annealing in nitrogen for 12.0 hours and then in oxygen for 12.0 hours 
at 800 oC. Both heating rate and cooling rate for these annealing processes were 
maintained at 5 oC/min.  
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3.2X-ray Diffraction (XRD) 
 
3.2.1 Working Principles of XRD 
 
2θhkl Shkl
Receiving slit Ghkl
So 
Shkl
Diffraction cones 
 
Figure 3.3 Schematic diagram illustrating the geometry of an X-ray 
diffractometer. Two diffraction cones are shown, where Ghkl, So and Shkl 
represent the sample normal, incident beam, and the diffracted beam, 
respectively. (adapted from [49]) 
 
Phase identifications for both mechanically activated powder compositions and 
polycrystalline ceramics, and strain measurements were carried out using Bruker D8-
Advance Diffractometer. A Cu-Kα source (wavelength α1 = 1.54056 Å and α2 = 
1.54439 Å) was employed together with a Ni crystal monochromator and a global 
mirror to generate parallel monochromatic beam. Figure 3.3 shows the geometry of an 
X-ray Diffractometer. The incident beams penetrates into the specimen with sample 
normal Ghkl, resulting in simultaneous formation of diffraction cones in various 2θhkl 
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depending on the d-spacings of crystal planes (hkl) that satisfy the X-ray diffraction 
conditions. Unlike the Laue Camera, the detector of a diffractometer intercepts and 
measures only a short arc of the diffraction cone. The usage of receiving slit is 
necessary to eliminate all diffracted radiations except those that passing through it 
[49]. 
 
It is well known that the reciprocal lattice vector Ghkl, which describes the symmetry 
and periodicity of a set of (hkl) in the real space, determines the possible X-ray 
diffraction. Suppose the momentum of an incident beam and a diffracted beam are 
represented by vectors k and k', respectively, the change in momentum between the 
incident and the diffracted beam (∆k) of an elastic scattering process must be in the 
direction of Ghkl in order to give successful diffraction. The three diffraction 
conditions are summarized in the following [50]: 
♦ Diffraction condition 1 (Bragg’s Law): 
λθ
π
λ
π
θ
φ
=∴
==
=⇒
=⇒
=•
sin2
2,2
sin2
cos2
2
2
2
hkl
hkl
hkl
hkl
hklhkl
hklhkl
d
d
Gk
Gk
GGk
GGk
Q
                 (3-1) 
where dhkl is the interplanar spacing of (hkl); and 
 θ is the Bragg’s angle. 
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♦ Diffraction condition 2 (Laue conditions): 
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where a1, a2, a3 are the primitive lattice vectors in the real space; and 
 ν1, ν2, ν3 are the three vector components of Ghkl. 
Laue conditions suggest that the loci of successful diffractions for powders or 
polycrystalline samples appear as diffraction cones in various 2θhkl.  
 
♦ Diffraction condition 3 (structural factor): 
∑
∑
∫
++−=∴
•−=⇒
=•−=
j
jjjjG
j
jjG
cell
GG
zvyvxvifS
riGfS
NSriGrdVnNF
)](2exp[
)exp(
)exp()(
321π
               (3-3) 
where SG is the structural factor; and 
       rj is the vector that describes the positions of atoms in a unit cell. 
Contributions of the atoms in a unit cell are considered in contrast to the 
diffraction conditions 1 and 2, which concern only the symmetry and periodicity 
of a set of (hkl). Moreover at zero SG, the intensity of the diffraction is zero even 
though Ghkl ends at a perfectly good reciprocal lattice. 
 
To improve the peak to background ratio, a solid state detector (SSD) is often 
employed. A Li-doped Ge crystal that is cooled at liquid nitrogen temperature is 
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utilized in the SSD, at which electrons are excited by the diffracted beam from 
valence band or an impurity level into the conduction band to generate electron-hole 
pairs. A current is then generated in a magnitude proportional to the number of these 
electron-hole pairs. The current signals are subsequently amplified and then analysed, 
finally resulting in an X-ray diffraction pattern [49]. With this pattern, the phase for 
either a powdered or a polycrystalline sample can be identified by matching the 
diffraction pattern with those collected in the standard powder diffraction files (PDF). 
To confirm formation of required phases for all compositions studied in this project, 
XRD was carried out in a continuous mode over the 2θ range of 20o to 70o with a scan 
rate at 0.08o/sec in this study. 
 
3.2.2 Triaxial Strain Measurements 
 
Figure 3.4 (a) shows the dependence of d-spacings on the tilt angles of (hkl) for both 
strained and unstrained samples. As clearly shown by the solid curve, the d-spacing of 
a strained sample varies with increasing tilt angle ψ  in contrast to that of unstrained 
sample, which is ψ independent as demonstrated by the dotted quarter circle [49]. As 
demonstrated by Figure 3.4 (b), two standard coordinate systems, laboratory 
coordinate (L) and sample coordinate (S), are set up for describing the positions of the 
measured (hkl) and the sample, respectively [51]. Generally, sample tilt mode that 
changes the direction of Ghkl to match with that of ∆k by maintaining the positions of 
incident (k) and diffracted (k') beams, is employed for strain measurement. However 
in this study, beam tilt mode that is carried out by varying both k and k' to coincide ∆k 
with fixed Ghkl is employed, as shown in Figures 3.5 (a-b). This is because the 
geometry of the beam tilt mode can be simply achieved by a conventional X-ray 
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diffractometer with the advantage of eliminating errors brought about by the sample 
displacement, which is commonly encountered in the sample tilt mode [52]. However 
by employing this method, a compromise with a reduction in the ψ  range (ψ < 40o) 
for the strain measurement must be taken into consideration carefully. 
S1 
 
Figure 3.4 Schematic diagrams of (a) the d-spacings of an unstrained (do) and a 
strained  specimens (dn) at varying tilt angles ψ of an (hkl), and (b) the two 
coordinate systems involved in the triaxial strain measurements (adapted from 
[53]). 
 
Figure 3.5 Schematic diagrams illustrating the geometries of sample tilt mode (a) 
and beam tilt mode (b). 
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According to the conventional notations, primed and unprimed tensor quantities are 
respectively expressed in terms of laboratory and sample coordinate systems. 
Referring to Figure 3.4 (b), the strain along L3, which is perpendicular to a particular 
set of (hkl) can be correlated to d-spacing by 
( ) ,'33
ο
οφψε
d
dd −=                  (3-4) 
where do is the d-spacing measured at ψ = 0. After a tensor transformation, this strain 
may be expressed as a strain tensor (εij) in the sample coordinates, leading to Equation 
(3-5). 
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It can be clearly seen that Equation (3-5) has linear relations to six unknown strain 
components, ε11, ε22, ε33, ε13, ε23, ε12, and they can be solved exactly by defining 
parameters a1 and a2 [53]: 
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Obtaining d-spacings from positive and negative ψ measured atφ  = 0o, 45o and 90o 
respectively, linear plots of a1 versus sin2ψ allow the determinations of strain 
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components ε11, ε22, ε33 and ε12, whereas linear plots of a2 versus sin|2ψ| yield the 
quantities ε13 and ε23.  
 
The strain measurements discussed above, which is widely used for determining the 
local strain for polymers, metals and thin films, was adapted for this study [54,55,56]. 
The d-spacings of (222) tilted at ψ angles of 0o, ± 5o, ± 10o, ± 15o, ± 20o, ± 30o were 
measured at φ  = 0o, 45o and 90o, respectively, for determining the structural changes 
brought about by Ca2+, Sr2+ and Ba2+ substitutions to PLT-A20 perovskite lattices. By 
taking this new approach, the dielectric behaviours for PBLT, PSLT and PCLT were 
correlated to their local perovskite structures.  
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3.3 Scanning Electron Microscopy (SEM) 
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Figure 3.6 Schematic diagram showing the basic components of a typical 
scanning electron microscope (adapted from [57]). 
 
Figure 3.6 shows the basic components of a typical SEM [57]. It consists of two main 
parts, the electron column consisting of electron-optical and detector systems, and the 
console consisting of the scanning, processing and display systems. An electron beam 
is first generated by a field emission source. These electrons are then accelerated to an 
energy level of 10 kV and subsequently focused onto a specimen surface by one or 
more magnetic lenses into a beam width of 2-10 nm in diameter. The fine electron 
beam is then scanned across the specimen surface by scan coils into a raster pattern. 
The scan pattern, or raster, produced from the specimen, is usually square in shape 
and is made up of 1000 horizontal lines, each containing 1000 individual scanned 
points or pixels. A scintillation detector is then available to collect the emitted 
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electrons from the samples. These signals are then amplified and presented to the 
display screens in the console. 
 
In this study, the microstructural features of sintered PLT-A, PCLT, PSLT and PBLT 
samples, such as their grain sizes and polished and then thermally etched surfaces at 
1000 oC for 30.0 minutes, were characterized using field emission gun scanning 
electron microscopy (FEG-SEM, XL30, Philips) operated at an accelerating voltage 
of 10 kV. Thin layers of gold were sputtered to all the samples, using B∆L-Tec, SCD 
005 Sputter Coater, prior to the SEM observations, for preventing electron 
accumulation on the non-conductive ceramic surfaces that degrades the image quality.  
 
3.4 Transmission Electron Microscopy (TEM) 
 
Transmission Electron Microscopy (TEM) is widely used to obtain direct 
microstructural images and diffraction patterns in either thin foil or powdered 
samples. Electrons are emitted from a filament, accelerated down along an 
electromagnetic column and travel through the specimen. Subsequent lenses allow 
formation of a magnified image or diffraction pattern on a phosphor display screen, 
photographic film, or digital detector. Information on the structure is then inferred 
from the arrangement of diffraction events, while a single crystal produces a spot 
pattern on the screen; a polycrystalline sample produces a ring pattern, and a series of 
diffuse halos are observed for an amorphous material. In forming images, either bright 
field imaging technique or dark field imaging technique can be employed. TEM is 
widely utilized to examine the interfaces between two different phases and 
morphology of fine particles. Structural defects, such as dislocations and phase 
 43
Chapter 3 
separations can also be viewed directly. TEM is particularly valuable for its versatility 
and the high spatial resolution that is obtainable in a nano-meter scale or even smaller, 
as compared to SEM [58]. Figures 3.7 (a-b) show the ray paths in TEM for imaging 
and selected area electron diffraction. 
 
In this study, TEM was employed for determining the average particle sizes for all 
four PLT-A compositions. The powder samples to be examined were first dispersed in 
de-ionized water, followed by an ultrasonic treatment for 20.0 minutes. A drop of the 
suspension with powder particles was placed on the carbon film supported on a 3 mm 
microscope grid. After evaporating off the solvent, the grid was then mounted on the 
specimen holder of JEOL 100CX TEM operated at 100 kV for observations. 
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Figure 3.7 Comparison of the electron ray paths in transmission electron 
microscope for imaging (a) and selected area electron diffraction (b) (adapted 
from [58]). 
 
3.5 Dielectric Properties 
 
The capacitance (C) of a simple one-dielectric layer capacitor depends on both the 
geometrical and material factors. Considering a dielectric that is shaped as a disc with 
cross-sectional area A and thickness d, the capacitance of the disc can be determined 
by 
d
A
d
AC oκεε ==                                                                                      (2.3) 
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where ε  is the dielectric permittivity of the dielectric [F/m]; 
           εo is the dielectric permittivity of vacuum, 8.854×10-12 [F/m]; 
           κ is the relative permittivity of the dielectric; 
           C is the capacitance of the dielectric [F]; 
           d is the thickness of the dielectric [m]; and 
           A is the cross-sectional area of the dielectric [m2]. 
 
The dielectric properties of sintered PLT-A pellets were characterized using the 
Solartron Semi-insulating (SI) 1260 Impedance/Gain-phase analyzer. Sintered pellets 
were first polished using 1200 grit sand paper and then followed by a subsequent 
ultrasonic treatment in distilled water for 10.0 minutes. After drying, the thickness 
and the diameter of the samples were measured by digital screw-gauge micrometer 
prior to application of a silver paste on both sides of the pellets. Calcining the coated 
surfaces at 700 oC for 30.0 minutes, the electrodes required for dielectric 
measurements were completely cured. The temperature dependence of relative 
permittivity and dielectric loss were then measured at the application of an alternating 
current of 0.1 V at frequencies ranging from 100 Hz to 100000 Hz.  
 
 
 
 
 
 46
Chapter 3 
3.6 Secondary Ion Mass Spectrometry (SIMS) 
 
 
Figure 3.8 Schematic diagram illustrating the basic components of a secondary 
ion mass spectrometer (adapted from [59]). 
 
As shown in Figure 3.8, the secondary ions extracted by the primary ion beam 
bombardment are accelerated and transmitted to the quadrupoles. A potential 
consisting of a constant (direct current d.c.) component and an oscillating (radio 
frequency r.f.) component is applied to one pair of the quadrupoles; however, an equal 
but opposite voltage is applied to the other. The rapid periodic switching of the field 
sends most ions into unstable oscillations with increasing amplitude until they strike 
the quadrupoles and thus they are not transmitted. In contrast, ions with certain mass 
to charge ratio that are propagating in a stable periodic trajectory of limited amplitude 
are transmitted successfully. By increasing the d.c. and r.f. fields whilst maintaining a 
constant ratio between them, a resonant condition is then satisfied for ions in different 
masses, allowing the collection of a complete mass spectrum. Apparently, the 
commonly used ion sources for this application are O2+ and Cs+ [59]. 
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As expected, there will be a loss of volatile Pb at the sintering temperature. The Pb 
deficiency from the annealed PLT-A surfaces, as a result of the PbO evaporation at 
the annealing temperature, was studied using secondary ion mass spectrometry in this 
project (SIMS, CAMERA IMF-6f). 
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CHAPTER 4 SYNTHESIS OF PLT-A 
 
A set of well-controlled processing parameters is necessary for fabrication of dense 
ceramics, which exhibit desirable dielectric properties [60]. As shown in Figure 3.1, a 
series of experimental characterizations were designed to control and optimize the 
synthesis parameters. In this chapter, fabrication conditions of mechanical activation 
and sintering are discussed for their effects on sintered PLT-A, which are 
characterized using XRD, TEM, SEM and dielectric measurements. 
 
4.1 Mechanical Activation 
 
4.1.1 Phase Formation 
 
Figure 4.1 shows the XRD patterns of mixed oxides of PbO, TiO2 and La2O3 
equivalent to Pb1-3x/2LaxTiO3 (PLT-A) with x = 0.15 (PLT-A15) in composition upon 
mechanical activation at room temperature for 5.0, 10.0, 15.0 and 20.0 hours, 
respectively, together with that of the starting oxide mixture. Sharp peaks of 
crystalline PbO, TiO2 and La2O3 were observed for the starting powder mixture, 
indicating that little or no reaction was triggered among the constituent oxides during 
the conventional ball mill mixing. The strongest peaks at 2θ  angle of ~29.0o 
corresponds to the (111) peak of PbO (Massicot). In contrast, for the powder 
composition mechanically activated for 5.0 hours, almost all sharp peaks have 
vanished and they are replaced by a few broadened diffraction peaks. The (111) peak 
of PbO (Massicot) at 2θ  angle of ~29.0o has become broadened in comparison to the 
sharp one before mechanical activation. In addition, the occurrence of a broadened 
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peak at 2θ  angle of ~32.1o indicates formation of Pb0.775La0.15TiO3 (PLT-A15) of 
perovskite structure. This newly formed peak corresponds to the (101) peak of PLT-
A15, implying that mechanical activation led to a significant refinement in particle 
and crystallite sizes at the initial stage of mechanical activation, and formation of a 
nanocrystalline Pb0.775La0.15TiO3 phase was triggered by 5.0 hours of mechanical 
activation. The XRD intensities of PbO peaks decrease with increasing mechanical 
activation time from 5.0 to 15.0 hours. The powder composition mechanically 
activated for 20.0 hours shows fine PLT-A15 crystallites of perovskite structure as the 
only XRD detectable phase. All the diffraction peaks corresponding to PbO and other 
oxide phases have vanished upon 20.0 hours of mechanical activation.  
 
Following the same procedure for PLT-A15, PLT with 10 mol%, 20 mol% and 25 
mol% La were subsequently synthesized by mechanical activation. Similar to PLT-
A15, a single perovskite phase was formed upon 20.0 hours of mechanical activation 
in each of these compositions. Thus, mechanical activation for 20.0 hours is 
appropriate for synthesizing single phase nanocrystalline PLT-A with various 
amounts of La3+ substitution at room temperature. 
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Figure 4.1 XRD patterns of the powder mixture of PbO, TiO2, and La2O3 
equivalent to Pb0.775La0.15TiO3 in composition mechanically activated for various 
time periods ranging from 0 to 20.0 hours. 
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4.1.2 Particle Size and Morphology 
 
TEM micrographs for the PLT compositions with different levels of La3+ doping upon 
mechanical activation for 20.0 hours are shown in Figures 4.2 (a-d). The average 
particle size of PLT-A15 is in the range of 10-20 nm, agreeing with what has been 
indicated by the broadened XRD traces in Figure 4.1. All the four compositions 
exhibit nanocrystalline particles, which are more or less spherical in morphology. 
Moreover, the particle size distributions are rather uniform, although there are a few 
large particle agglomerates being observed in each case. The presence of relatively 
larger particles helps to improve the green body upon uniaxial cold pressing, which 
promotes the sintered density of PLT-A [61]. 
 
 
 
 
 
 
Figure 4.2 continues 
 
(a) 
20 nm
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(b) 
 
20 nm
 
 
(c) 
 
20 nm
 
(d) 
 
20 nm
Figure 4.2 TEM micrographs of PLT-A with different levels of La doping: (a) 
Pb0.85La0.10TiO3 (PLT-A10), (b) Pb0.775La0.15TiO3 (PLT-A15), (c) Pb0.70La0.20TiO3 
(PLT-A20), and Pb0.625La0.25TiO3 (PLT-A25). 
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4.2 Sintering Behaviours 
 
4.2.1 Sintering Temperature 
 
To optimize the sintering behaviour of PLT-A, the cold-pressed nanocrystalline 
powder pellets of Pb0.775La0.2TiO3 (PLT-A15) derived from mechanical activation for 
20.0 hours, were sintered at 1050 oC, 1100 oC, 1150 oC, 1200 oC and 1250 oC for 2.0 
hours, respectively. Figure 4.3 clearly demonstrates an increase in relative density 
from ~81.5% to ~96.0% theoretic with increasing sintering temperature from 1050 oC 
to 1200 oC; however the pellet melted at further increase of sintering temperature to 
1250 oC. Moreover, the fracture surfaces of PLT-A15 corresponding to the sintering 
temperatures mentioned above, are shown in Figures 4.4 (a-d). These SEM 
micrographs suggest that the level of porosity decreases with increasing sintering 
temperature, which is consistent with the relative densities measured as shown in 
Figure 4.3. Thus, sintering at 1200 oC appears to be the most desirable. Following the 
same sintering conditions, PLT-A ceramics with 10 mol% (PLT-A10), 20 mol% 
(PLT-A20) and 25 mol% (PLT-A25) La3+ substitutions were then fabricated.  
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Figure 4.3 The relative density of Pb0.775La0.15TiO3 (PLT-A15) derived from 
mechanical activation for 20.0 hours as a function of sintering temperatures 
ranging from 1050 oC to 1250 oC. 
 
 
(a) 
1050 oC             5µm 
 
Figure 4.4 continues. 
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(c) 
1150 oC             5µm 
 
 
(b) 
1100 oC             5µm 
(d) 
1200 oC             5µm 
 
Figure 4.4 SEM micrographs of PLT-A15 synthesized by mechanical activation 
for 20.0 hours and sintered at different temperatures: (a) 1050 oC, (b) 1100 oC, 
(c) 1150 oC, and (d) 1200 oC. 
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4.3 Phases and Microstructures of Pb1-3x/2LaxTiO3 (PLT-A) 
 
Phase analysis using XRD showed that all the four PLT-A compositions is of a single 
phase perovskite, without any detectable secondary phases, as shown in Figures 4.5 
(a-d). As suggested by the deterioration in peaks splitting, tetragonality of the 
perovskite structure decreases with increasing level of La-doping, leading to 
formation of pseudocubic structure [62]. On the other hand, the pyrochlore phases 
found in PLT as reported by Fox and Krupanidhi [63] were not observed in this study. 
 
Figure 4.6 demonstrates the sintered density as a function of La3+ substitution in PLT-
A. All the compositions were synthesized via mechanical activation for 20.0 hours 
and then sintered at 1200 oC for 2.0 hours. Obviously, PLT-A10, PLT-A15, PLT-A20 
and PLT-A25 exhibit a respective sintered density of ~94.5%, 96.0%, 98.0% and 
99.5% theoretic. There occurs an increase in relative density with increasing level of 
La3+ substitution and PLT-A25 exhibits the highest sintered density among the four 
compositions. Furthermore, SEM studies of the polished and etched surfaces 
confirmed the formation of dense PLT-A substituted with varying La content from 10 
mol% to 25 mol%, as shown in Figures 4.7 (a-d). It was also observed that the 
average grain size increases with increasing levels of La-doping, where the average 
grain size of each composition is further quantified in Figure 4.8. These phenomena 
can be attributed to the increasing amount of A-site vacancies created by La doping, 
which enhances the diffusion processes at the sintering temperature, leading to an 
increase in both sintered density and grain growth [64].  
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Figure 4.5 XRD traces of PLT-A10 (a), PLT-A15 (b), PLT-A20 (c), and PLT-A25 
(d), derived from the powders mechanically activated for 20.0 hours and then 
sintered at 1200 oC for 2.0 hours. 
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Figure 4.6 The relative density of Pb1-3x/2LaxTiO3 (PLT-A) derived from 20.0 
hours of mechanical activation and then sintered at 1200 oC as a function of La-
doping level with x ranging from 0.10 to 0.25. 
 
 
(a) 
10 mol% La                  5µm 
 
 
Figure 4.7 continues. 
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(b) 
15 mol% La                  5µm 
 
 
(c) 
20 mol% La                  5µm 
 
(d) 
20 mol% La                  5µm 
 
Figure 4.7 SEM micrographs showing the surfaces of (a) PLT-A10, (b) PLT-A15, 
(c) PLT-A20, and (d) PLT-A25 sintered at 1200 oC. 
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Figure 4.8 Average grain size of Pb1-3x/2LaxTiO3 (PLT-A) as a function of La 
doping level with x ranging from 0.10 to 0.25. 
 
4.4 Dielectric Properties of Pb1-3x/2LaxTiO3 (PLT-A) 
 
As demonstrated in previous section, dense ceramics of Pb1-3x/2LaxTiO3 (PLT-A) with 
x ranging from 0.10 to 0.25 were successfully synthesized via mechanical activation 
for 20.0 hours and sintering at 1200 oC for 2.0 hours. In the present section, the 
dielectric properties of these compositions are discussed. Figures 4.9 (a-d) plot the 
temperature dependence of relative permittivity and dielectric loss for PLT-A10, 
PLT-A15, PLT-A20, and PLT-A25, respectively. Clearly, all the four PLT-A 
compositions exhibit normal ferroelectricity, although slight diffusive phase 
transitions near the Curie temperatures (Tc) were observed for both PLT-A20 and 
PLT-A25. This implies that formation of B-site vacancies, which has been identified 
as the main contributor to relaxor behaviour [65,66], as discussed in Section 1.3, is 
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not a significant phenomenon in PLT-A, further agreeing with what has been reported 
by Hennings and Hardtl using conventional mixed oxides route [67].  
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Figure 4.9 Relative permittivity and dielectric loss as a function of temperature 
measured at 1000 Hz, 1500 Hz, 5000 Hz, and 10000 Hz for PLT-A10 (a), PLT-
A15 (b), PLT-A20 (c), and PLT-A25 (d), respectively. 
 
Figure 4.10 demonstrates a linear decline in Curie temperature (Tc) with increasing 
level of La doping, x, from 0.10 to 0.25. The observed decrease in Curie temperature 
with increasing level of La doping can be elucidated on the basis of Pb2+ dilution and 
the atomic bonding in the perovskite structure. La exhibits an electronic configuration 
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of [Xe]5d16s2, with no electrons in its 4f shell. In order to maintain the lowest energy 
configuration, La tends to ionize into La3+ by losing its 5d and 6s electrons. As a 
result, La3+ possesses an octet structure similar to that of inert gas Xenon, whereby it 
can only interact with the O2- neighbours by the weak Van der Waals forces or dipole-
dipole interactions. In contrast, Pb2+ exhibits an electronic configuration of 
[Xe]4f145d106s2, with two outer electrons in its 6s shell. Therefore it can participate in 
covalent bonding with oxygen neighbours. The bond strength of covalent bond is 
much higher than that of the Van der Waals or dipole-dipole force, thus a higher 
thermal energy is essential in order to distort the perovskite structure from tetragonal 
to cubic. When La3+ goes to A-site of the perovskite structure in lead titanate by 
replacing Pb2+ rather than Ti4+ in B-site, it reduces the interaction with neighbouring 
oxygen octahedra and the Curie temperature is thus lowered [68,69].  
 
Moreover, Figure 4.11 further summarizes the dependencies of both relative 
permittivity and dielectric loss at Tc measured at 1000 Hz on the amount of La 
doping. There occurs an increase in relative permittivity with increasing level of La3+ 
substitution. In general, several structural parameters can affect the relative 
permittivity, including the relative density, and types or concentration of vacancies. 
Thus, the increase in relative permittivity is attributed to the increases in both relative 
density, as suggested in Figure 4.6, and concentration of A-site vacancies with 
increasing amount of La doping. On the other hand, dielectric loss shows a rather 
complicated correlation with the amount of La doping by fluctuating between ~0.01 to 
0.09, implying that the increase in relative permittivity is not simply proportional to 
the concentration of A-site vacancies present in the composition. It is well known that 
the dependence of dielectric properties on vacancies can be considered as a thermally 
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activated process, which is more significant at low frequencies and normally causes 
an increase in dielectric loss, as mentioned in Section 1.3. Therefore, temperature is 
another key parameter that should be taken into account in discussing the dielectric 
behaviours of PLT-A. Apparently, the high dielectric loss for PLT-A10 is believed to 
be caused by its low sintered density. In contrast, the increase in dielectric loss from x 
= 0.15 to 0.20 is due to the increase in the concentration of A-site vacancies while the 
subsequent fall can be attributed to the low Curie temperature (~11 oC), at which the 
mobility of A-site vacancy in association with the available thermal energy becomes 
insignificant. Moreover as shown in Figure 4.9 (c), the relative permittivities for PLT-
A20 measured at various frequencies diverge significantly at temperature above Tc, 
suggesting the strongest dependence of dielectric behaviour on A-site vacancies 
among the four compositions. Thus, it is believed that the highest relative permittivity 
observed for PLT-A25 is mainly due to its high sintered density, where the role of A-
site vacancies is less important over that particular temperature range around Tc. 
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Figure 4.10 Curie temperature Tc of Pb1-3x/2LaxTiO3 (PLT-A) as a function of La 
doping level with x ranging from 0.10 to 0.25. 
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Figure 4.11 Relative permittivity and dielectric loss for Pb1-3x/2LaxTiO3 at Curie 
temperature Tc, measured at the frequency of 1000 Hz, as a fucntion of La 
doping level with x ranging from 0.10 to 0.25. 
4.5 Remarks 
 
Nanocrystalline Pb1-3x/2LaxTiO3 (PLT-A) with x ranging from 0.10 and 0.25 were 
successfully synthesized via a well-controlled mechanical activation route at room 
temperature from mixed oxides. PLT-A sintered at 1200 oC for 2.0 hours exhibited an 
increase in relative density from 94.5% to 99.5% with increasing level of La3+ doping. 
This is attributed to the enhancement in diffusions at the sintering temperature 
brought about by A-site vacancies created for the charge neutrality of perovskite 
lattices. XRD confirmed the formation of single-phase pseudocubic perovskites with 
decreasing c/a ratio for PLT-A substituted with increasing level of La3+. Normal 
ferroelectricity with decreasing dielectric maximum and Curie temperature was 
observed in PLT-A with increasing level of La3+ substitution, whereby the covalent 
interaction between Pb2+ and neighbouring oxygen octahedra is deteriorated. The 
dielectric behaviour of PLT-A20 exhibits the strongest dependence on A-site vacancy 
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concentration among the four compositions, as indicated by the divergence of relative 
permittivity at temperatures higher than Tc measured at frequencies ranging from 
1000 Hz to 10000 Hz. 
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CHAPTER 5 POST-SINTER ANNEALING OF PLT-A20 
 
As discussed in the previous chapter, dense ceramics of four PLT-A compositions, 
which exhibit the desirable dielectric properties, have been successfully synthesized 
via a well-controlled processing route using mechanical activation. Furthermore, 
dielectric properties of PLT-A20 showed the strongest dependence on concentration 
of A-site vacancies at the temperature around Tc among the four compositions. PLT-
A20 is thus considered to be an ideal candidate for investigating the correlations 
between dielectric properties and structural defects for PLT-A-based perovskites. 
Moreover, it is also well-known that defect structure of lead-based perovskite lattices 
can be effectively modulated by post-sinter annealing in different atmospheres [70], 
as discussed in Section 1.4. Thus, a systematic study is developed in this chapter to 
investigate the dependence of dielectric properties of PLT-A20 on its defect structure 
brought about by thermal annealing under different conditions.  
 
5.1 Phases and Microstructures of PLT-A20 upon Post-sinter 
Annealing 
 
As shown in Figures 5.1 (a-f), PLT-A20 upon post-sinter annealing in an oxygen 
atmosphere for the time periods ranging from 3.0 to 24.0 hours exhibited the 
diffraction pattern of a single phase perovskite structure, which is similar to that of as-
sintered PLT-A20. Similar to annealing in oxygen, there is also no detectable phase 
change brought about by nitrogen annealing carried out for the time periods ranging 
from 4.0 to 30.0 hours, as demonstrated by Figures 5.2 (a-f).  
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Figure 5.1 XRD traces of PLT-A20 before (a) and after post-sinter annealing in 
oxygen for (b) 3.0, (c) 4.0, (d) 8.0, (e) 12.0, and (f) 24.0 hours. 
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Figure 5.2 XRD traces of PLT-A20 before (a) and after nitrogen annealing for 
(b) 4.0, (c) 8.0, (d) 12.0, (e) 24.0, and (f) 30.0 hours. 
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(a) 
Before Annealing                      2µm 
 
 
(b) 
O2 Annealing 12 hrs                     2µm 
(c) 
N2 Annealing 12 hrs                      2µm 
 
Figure 5.3 SEM micrographs showing the polished and etched surfaces of PLT-
A20: (a) before annealing, (b) annealed in oxygen for 12.0 hours at 800 oC, and 
(c) annealed in nitrogen for 12.0 hours at 800 oC, respectively. 
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Typical polished and thermally etched surfaces at 1000 oC for 30.0 minutes for PLT-
A20 annealed in both oxygen and nitrogen atmospheres at 800 oC, respectively, are 
shown together with that of as-sintered PLT-A20 in Figures 5.3 (a-c). Calculation 
using the linear interception method on the basis of SEM micrographs gave a similar 
average grain size of ~0.76 ± 0.17 µm for all the three samples. Moreover, there is no 
secondary phase observed at the grain boundaries and grain junctions, agreeing with 
what has been demonstrated formerly by XRD traces. On the other hand, density 
measurements using the Archimedes’ method suggested that all the samples exhibit a 
relative density of ~98.2% theoretic, which is almost independent of annealing time 
period and annealing atmosphere. It can thus be concluded that post-sinter annealing 
in either an oxygen or nitrogen atmosphere results in a negligible change to 
microstructure, sintered density, grain size and phase present in PLT-A20. Therefore, 
these structural parameters can be ruled out for the significant change in dielectric 
properties of PLT-A20 brought about by post-sinter annealing in either oxygen or 
nitrogen.  
 
5.2 Dielectric Properties of Post-sinter Annealed PLT-A20 
 
It is well-known that post-sinter annealing in either an oxygen or nitrogen atmosphere 
can lead to appreciable change in dielectric behaviours for PLT-A20 by modulating 
the defect structure, as previously discussed in Section 1.4. Such a significant change 
in dielectric properties can thus be attributed to formations of A-site vacancy and 
oxygen vacancies, on a-b plane [ ] and in c-axis [ ] of a perovskite lattice, where 
their effects on both polarization and relative permittivity have to be considered.  
o
abV
o
cV
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Undoubtedly, space charge polarization gives a more significant influence on 
dielectric properties of PLT-A20 at frequencies lower than 1000 Hz, as mentioned in 
Section 1.4; however, dielectric measurements at lower frequencies were abandoned 
due to the over response from space charge polarization, which led to a rapid increase 
in relative permittivity and an unwell-defined Tc. For a better comparison, dielectric 
properties for PLT-A20 upon annealing are thus elucidated on the basis of dielectric 
measurements done at 1000 Hz, where the influences of these defect structures are 
dominating. Figures 5.4 (a-b) show the dielectric properties of PLT-A20 brought 
about by oxygen annealing for the time periods ranging from 0 to 24.0 hours, when 
measured at 1000 Hz. Obviously, post-sinter annealing in an oxygen atmosphere 
results in appreciable changes to both relative permittivity and dielectric loss. 
Moreover, the relaxor behaviour manifested by B-site vacancies was not observed for 
PLT-A20 upon oxygen annealing for various time periods, implying that only a 
negligible breakdown in the dipolar long-range order was brought about by oxygen 
annealing [21,22].  
 
Both relative permittivity and dielectric loss for PLT-A20 at Tc as a function of 
annealing time in oxygen when measured at 1000, 1500, 5000, and 10000 Hz, 
respectively, were further summarized in Figures 5.5 (a-b). Clearly, the relative 
permittivity for PLT-A20 increases sharply with increasing annealing time at the 
initial period of annealing and it peaks at 4.0 hours, followed by a steady fall in 
relative permittivity with prolonged annealing up to 24.0 hours. In particular, the 
relative permittivity for PLT-A20 annealed in oxygen at 800 oC for 24.0 hours is 
comparable with that of the as-sintered PLT-A20. In contrast, the sample annealed at 
800 oC for 4.0 hours demonstrates a relative permittivity of around 12000, as 
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compared to 9000 for the as-sintered PLT-A20. The dielectric loss, as shown in 
Figure 5.5 (b), shows a similar behaviour against annealing time at relatively low 
frequencies of 1000 and 1500 Hz, while those at high frequencies of 5000 and 10000 
Hz show a less apparent peak at 4.0 hours of annealing in oxygen, corresponding to 
the signature of space charge polarization. 
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Figure 5.4 Relative permittivity (a) and dielectric loss (b) at 1000 Hz as a 
function of temperature for PLT-A20 annealed in an oxygen atmosphere at 800 
oC for 3.0, 4.0, 8.0, 12.0, and 24.0 hours together with that of before annealing. 
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Figure 5.5 Relative permittivity (a) and dielectric loss (b) at Curie temperature 
Tc of PLT-A20 annealed in an oxygen atmosphere as a function of annealing time 
ranging from 0 to 24.0 hours at 1000, 1500, and 10000 Hz. 
 
To elucidate this interesting dielectric behaviour, the changes in dielectric properties 
of PLT-A20 brought about by oxygen annealing were divided into two stages, as 
indicated in Figures 5.5 (a-b). In stage I, loss of PbO through evaporation proceeded 
from the sample surface upon annealing in oxygen at 800 oC, creating a surface scale 
that is different from the interior region. A-site vacancies were generated as soon as 
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there is a loss of PbO through evaporation in the annealing process, resulting in an A-
site vacancy-rich surface scale [71]. On the other hand, the tendency of PbO loss is 
enhanced by La doping, promoting space charge polarization. This is because La 
exhibits an electronic configuration of [Xe]5d16s2, with no electrons in 4f shell. To 
stabilize itself, La tends to lose its 5d and 6s electrons, enabling La3+ possesses an 
octet structure similar to that of inert gas Xenon, which can only interact with its O2- 
neighbours by weak Van der Waals forces or dipole-dipole interactions in contrast to 
the strong Pb-O hybridization introduced by Pb2+. Thus following the same trend, 
both relative permittivity and dielectric loss increase with increasing annealing time in 
stage I, as shown in Figures 5.5 (a-b), indicating the typical characteristic of space 
charge polarization.  
 
In contrast to the rise in relative permittivity manifested by space charge polarization 
in stage I, prolonged annealing beyond 4.0 hours in stage II caused a steady fall in 
both relative permittivity and dielectric loss. This phenomenon can be elucidated by 
the prevention of excess PbO loss through evaporation from the surface scale, as the 
bulk diffusions of Pb2+ and O2- that require the high activation energy restricted the 
transport of PbO from interior region towards sample surface [72,73].  However, 
further annealing can destabilize the perovskite structure when the charge neutrality 
of the structure was not maintained. There occurred a charge transference between A-
site vacancies and neighbouring oxygen ions at elevated temperature [ 74 ], as 
demonstrated by 
 ,2121 "22
" OVOV xA
x
A +⇒+                 (5-1) 
where Ox represents neutral oxygen ions in its normal position; 
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           is A-site vacancies doubly negatively charged; "AV
           is neutral A-site vacancies; and xAV
          O" is oxygen ions doubly charged. 
The bonding between La and oxygen ions was broken as O" gains its octet electronic 
configuration. O" is rather mobile and unstable, and it can stabilize itself by forming 
O2 with other Ox. This leads to formation of neutral oxygen vacancy when O2 is 
released. As a result, the space charge polarization dominating in stage I, was 
deteriorated and the relative permittivity as well as dielectric loss were then reduced. 
 
Formation of a Pb-deficient surface scale brought about by oxygen annealing at 800 
oC was further confirmed by both the compositional analysis using SIMS and the 
change in dielectric behaviour when a surface layer of ~50 µm in thickness was 
polished off from the annealed PLT-A20.  Figure 5.6 shows the SIMS element depth 
profiles of lead (Pb), oxygen (O), titanium (Ti), and lanthanum (La) in oxygen-
annealed PLT-A20 at 800 oC for 4.0 hours. Clearly, there occurs a steady increase in 
the intensity counts for Pb with a sputtered depth up to ~10 µm using oxygen-18 (O2+) 
ion source, whereas those for Ti, O and La remain almost unchanged. The observed 
Pb-deficient scale agrees with what has been observed by Northdrop [72]. On the 
other hand, it is important to note that the intensity of an element is normally not 
proportional to the composition of the sample in SIMS measurement. In general, 
quantitative compositional analysis is very difficult to be achieved by SIMS. This is 
because secondary ion yields for different elements can differ by over six orders in 
magnitude for a given material or matrix, and which can also vary drastically from 
matrix to matrix. The intensity of a spectrum is related to matrix effect, oxygen effect, 
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surface effect, band gap, atomic number in rather complicated manners. In particular, 
different matrices can result in a significant difference in ionization efficiency or 
sputtering yield for a specific element. Thus, a compositional quantification can only 
be done with a careful determination of relative sensitivity factor (RSF) of each 
element, which is inversely proportional to sputter yield, obtained under a specific 
experimental condition or matrix [75]. As a result, a quantitative analysis cannot be 
reached on the basis of the result obtained in this work due to these complexities. A 
more detailed study on SIMS spectra is then required to quantify PbO loss through 
evaporation from surface brought about by oxygen annealing. 
 
Furthermore, Figures 5.7 (a-b) plot the relative permittivity and dielectric loss of PLT-
A20 annealed in oxygen at 800 oC for 4.0 hours after the surface layer was removed. 
Clearly, there is an apparent fall of ~20% in relative permittivity when the surface 
layer is polished off, confirming that the significant rise in relative permittivity 
brought about by oxygen annealing for 4.0 hours at 800 oC, as shown in Figure 5.4 
(a), is largely manifested by the surface effect.  
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Figure 5.6 The SIMS intensity counts of Pb, O, Ti, and La over the sputtered 
depth of up to 10.84 µm, for PLT-A20 annealed in an oxygen atmosphere at 800 
oC for 4.0 hours. 
 
Furthermore, Xia and Yao [76,77] reported that a significant PbO loss through 
evaporation can occur only at temperatures above 700 oC and the amount of PbO loss 
increases with increasing temperature and annealing time. On the basis of this 
observation, the effect of Pb-deficient scale on the dielectric behaviour can be further 
confirmed. Thus, the as-sintered PLT-A20 was annealed in oxygen at 400 oC for 4.0 
hours, at which negligible PbO loss was expected. As shown in Figures 5.7 (a-b), the 
low temperature annealing led to little change in relative permittivity and dielectric 
loss for PLT-A20, further confirming that the dramatic change in dielectric properties 
brought about by oxygen annealing is only manifested by the surface effect. Thus, 
there is no relaxor behaviour observed for each sample annealed in an oxygen 
atmosphere at 800 oC for different time periods. These observations on dielectric 
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behaviours of PLT-A20 annealed in an oxygen atmosphere, again plausibly agree 
with what have been suggested previously that no significant breakdown in the 
dipolar long-range order in association with formation of B-site vacancies was 
resulted by post-sinter annealing. 
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Figure 5.7 Temperature dependence of (a) relative permittivity and (b) dielectric 
loss measured at a frequency of 1000 Hz for PLT-A20 annealed in an oxygen 
atmosphere after the surface was polished off and at 400 oC. 
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As shown in Figures 5.8 (a-b), a dramatic change in dielectric properties of PLT-A20 
was also resulted by nitrogen annealing. Similar to oxygen annealing, PLT-A20 
exhibits normal ferroelectricity upon post-sinter annealing in a nitrogen atmosphere at 
800 oC for the time periods ranging from 0 to 30.0 hours, implying that nitrogen 
annealing also led to negligible breakdown in the dipolar long-range order.  
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Figure 5.8 Relative permittivity (a) and dielectric loss (b) at 1000 Hz, as a 
function of temperature for PLT-A20 annealed in a nitrogen atmosphere at 800 
oC for 4.0, 8.0, 12.0, 24.0, and 30.0 hours, together with those of as-sintered PLT-
A20 and PLT-A20 re-annealed in an oxygen atmosphere at 800 oC for 12.0 
hours. 
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Figures 5.9 (a-b) further plot the relative permittivity and dielectric loss, respectively, 
as a function of annealing time in nitrogen at 800 oC. Similar to oxygen annealing, 
both relative permittivity and dielectric loss exhibit a sharp rise with increasing 
annealing time up to 4.0 hours in stage I. In contrast to the steady fall brought about 
by oxygen annealing, prolonged annealing in nitrogen beyond 4.0 hours results in a 
continuing increase for both relative permittivity and dielectric constant, although a 
slow down in the increase rate was observed in stage II. The initial rise in stage I is 
attributed to space charge polarization brought about by loss of PbO through 
evaporation from the surface. In contrast to oxygen annealing, space charge 
polarization is caused by A-site and oxygen vacancy pairs created concurrently as a 
result of the PbO loss in the reducing nitrogen atmosphere in stage II. Following the 
similar trend as in relative permittivity, dielectric loss exhibits the typical 
characteristic of space polarization, as demonstrated by Figure 5.9 (b), supporting the 
domination of space charge polarization. Unlike annealing in oxygen, two types of 
oxygen vacancies [ ] and [ ], which are different in natures, could be brought 
about by nitrogen annealing, leading to a rather different microscopic polarization 
characteristics for PLT-A20. For instance, [ ], which lies on the a-b plane of the 
perovskite lattice, generates no antiphase polarization and lowers dielectric loss, 
whereas [ ] is located in the c-axis and can induce domain pinning, causing a 
decrease in relative permittivity but an increase in dielectric loss [
o
abV
o
cV
o
abV
o
cV
78]. There is no 
doubt that the interactions of these oxygen vacancies and the A-site vacancies are 
responsible for the steady increase in both relative permittivity and dielectric loss 
brought about by the prolonged annealing in nitrogen, although it is impossible to 
differentiate the types of oxygen vacancies on the basis of experimental results 
obtained in this work.  
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Figure 5.9 Relative permittivity (a) and dielectric loss (b) at Tc for PLT-A20 
annealed in a nitrogen atmosphere as a function of annealing time ranging from 
0 to 30.0 hours measured at 1000, 1500, 5000, and 10000 Hz, respectively. 
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As shown in Figures 5.5 (a-b) and Figures 5.9 (a-b), there exists a considerable 
difference in both relative permittivity and dielectric loss between annealing in 
oxygen and in nitrogen, although A-site vacancies are induced in both as a result of 
the PbO loss through evaporation at the annealing temperatures. The dominant 
consequence of annealing in oxygen is the creation of A-site vacancies in the surface 
scale. In addition to the A-site vacancies, annealing in nitrogen also creates oxygen 
vacancies such as [ ] and [ ]. This is particularly so upon prolonged annealing in 
nitrogen at 800 
o
abV
o
cV
oC. The antiphase polarization brought about by [ ] is evidenced by 
the less significant increase in relative permittivity in stage I for PLT-A20 post-sinter 
annealed in nitrogen than that of annealed in oxygen. On the other hand, as has been 
observed in several other perovskite ferroelectrics, an appropriate thermal annealing 
in an oxygen-rich atmosphere can eliminate these oxygen vacancies [
o
cV
79,80]. For 
example, by suppressing the antiphase polarization in association with [ ], 
dielectric properties of PLT-A20 shall be improved expectedly. For this, PLT-A20 
that was initially annealed in nitrogen at 800 
o
cV
oC for 12.0 hours was then further 
annealed in oxygen at 800 oC for 12.0 hours.  
 
As shown in Figures 5.8 (a-b), subsequent post-sinter annealing in oxygen at 800 oC 
for 12.0 hours further improves the relative permittivity and increases the dielectric 
loss for the PLT-A20 previously annealed in nitrogen under the same conditions. In 
particular, its relative permittivity (~12300) is slightly higher than that of PLT-A20 
annealed in only oxygen at 800 oC for 4.0 hours, as demonstrated by Figure 5.4 (a). 
This result clearly suggests that the improvement of relative permittivity for PLT-A20 
brought about by re-annealing in oxygen is responsible by space charge polarization, 
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whereby antiphase polarization in association with [ ] was eliminated. 
Undoubtedly, annealing the oxygen deficient PLT-A20 at 800 
o
cV
oC in oxygen 
suppressed the antiphase polarization brought about by [ ], and at the same time 
there is a likelihood for further increase in concentration of A-site vacancies, leading 
to a higher relative permittivity than that of the sample annealed in oxygen for 4.0 
hours at 800 
o
cV
oC. 
 
The occurrence of space charge polarization is again closely associated with the 
electronic configuration of La, which is [Xe]5d16s2 with no electrons in its 4f shell. 
La3+ exhibits an octet structure similar to that of inert gas Xenon, and it can only 
interact with its O2- neighbours by the weak Van der Waals forces or dipole-dipole 
interactions in the perovskite structure. Elimination of oxygen vacancies by further 
annealing in oxygen therefore favours a strong space charge polarization by creating 
more A-site vacancies due to further PbO loss through evaporation at elevated 
temperature. Moreover, as shown in Figure 5.8 (b), PLT-A20 re-annealed in oxygen 
exhibits a lower dielectric loss than that of PLT-A20 annealed in oxygen for 4.0 
hours. In the absence of oxygen vacancies, A-site vacancies are tightly bound to a 
network of oxygen octahedra and are separated from neighbouring cations, making 
them immobile and lowering the ionic movement at temperature above 120 oC.  
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5.3 Remarks 
 
The dependence of dielectric behaviours of PLT-A20 on the defect structures, such as 
A-site and oxygen vacancies, was investigated by post-sinter annealing in oxygen and 
nitrogen atmospheres. Thermal annealing resulted in negligible change in the relative 
density, microstructures and the dipolar long-range order for PLT-A20. As a result of 
the space charge effect in association with the defect structures brought about by post-
sinter annealing, there occurs a dramatic change in dielectric behaviours of PLT-A20, 
which is characterized by the concurrent increase or decrease in both relative 
permittivity and dielectric loss at varying temperatures. 
 
Upon post-sinter annealing in oxygen at 800 oC, relative permittivity of PLT-A20 first 
increases with increasing annealing time period up to 4.0 hours in stage I and then 
followed by a steady fall for further annealing in stage II. These phenomena are 
respectively attributed to formation of Pb-deficient surface scale brought about by the 
PbO evaporation and destabilization of perovskite lattices in association with the 
charge transference between A-site vacancies and neighbouring oxygen ions. Beyond 
4.0 hours of annealing, further PbO loss is inhibited by the high activation energies 
required for Pb2+ and O2- diffusions from the interior region through the surface scale. 
Thermal annealing in nitrogen led to a similar increase in relative permittivity for the 
initial 4.0 hours in stage I, which is attributed to formation of A-site vacancies brought 
about by the PbO loss through evaporation, although the increase rate slows down for 
prolonged annealing up to 30.0 hours in stage II. Unlike annealing in oxygen, 
different types of oxygen vacancies, such as [ ] and [ ], were generated in 
addition to A-site vacancies, resulting in antiphase polarization that slows down the 
o
aV
o
cV
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increase rate of relative permittivity in stage II. More interestingly, the relative 
permittivity for PLT-A20 upon annealing in nitrogen can be improved by re-
annealing in oxygen, which acts to suppress the antiphase polarization brought about 
by oxygen vacancies. 
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CHAPTER 6 PLT-A20 WITH Ca2+, Sr2+ AND Ba2+ 
SUBSTITUTIONS 
 
As illustrated in the previous chapter, post-sinter annealing in either an oxygen or 
nitrogen atmosphere at 800 oC for various time periods led to a dramatic change in 
dielectric properties for PLT-A20. The changes in dielectric properties for PLT-A20 
under the influences of A-site and oxygen vacancies have been discussed. Moreover, 
all the annealed PLT-A samples exhibited normal ferroelectricity, implying that no 
significant breakdown in the dipolar long-range order was brought about by post-
sinter annealing in either an oxygen or nitrogen atmosphere.  
 
In reference to the research works done on other perovskites, as reviewed in Sections 
1.2.2 and 1.2.3, the key factors necessary for inducing a relaxor behaviour or quantum 
paraelectricity are the breakdown in the dipolar long-range order and the interactions 
among the nano-sized dipolar clusters [20,21]. It is thus expected that a weakening in 
Pb-O hybridization can increase the likelihood for a breakdown in the dipolar long-
range order, since the high polarizability of Pb2+ is commonly identified as the key 
element for building up long-range ferroelectric states. Thus, PLT-A substituted with 
Ca2+, Sr2+ and Ba2+, which exhibit octet electronic configuration, into A-site for 
replacing Pb2+ is expected to result in a dielectric  transition from normal 
ferroelectricity to relaxor and even to quantum paraelectricity, based on the very 
simple postulation above. On the other hand, most of the lead-based relaxors exhibit 
an average structure as either pseudocubic or rhombohedral [81 ,82], which are 
normally induced by A-site or B-site substitutions. This is not surprising because a 
delicate balance between the long-range Coulombic forces and the short-range 
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repulsions can result in slight distortions of host atoms in such a compact perovskite 
structure, leading to random local polarization characteristics and interactions among 
the dipolar clusters, depending on the nature and concentration of dopants. In contrast, 
the tetragonal structure with strong Pb-O hybridization is less susceptible to small 
displacements of host atoms induced by doping, where the long-range Coulombic 
attractions dominate and stabilize ferroelectric states. By taking these considerations 
into account, it would be of considerable interest to study the changes in structure and 
ferroelectric or dielectric behaviours brought about by Ca2+, Sr2+ and Ba2+ substitution 
in PLT-A. 
 
6.1 Nomenclature 
 
The PLT-A compositions substituted with various amounts of Ca2+, Sr2+, and Ba2+ are 
respectively labelled as PQLTXY in this chapter, 
where Q represents the type of substitution (C: Ca2+; S: Sr2+; and B: Ba2+); 
X is the percentage of Pb2+ (e.g. 10 represents 10%); and 
Y is the mol% of La for PLT-A composition (e.g. 20 represents 20 mol% La). 
For example: 
Pb0.70La0.20TiO3 is labelled as PLT-A20; 
Pb0.35Ca0.35La0.20TiO3 is labelled as PCLT5020; and 
Pb0.765Ba0.085La0.10TiO3 is labelled as PBLT9010. 
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6.2 PLT-A Composition for Study 
 
As mentioned in Chapter 4, PLT-A exhibits a structure change from tetragonal to 
pseudocubic, where the aspect ratio (c/a) decreases with increasing level of La 
doping. To determine the most appropriate composition for study in this chapter, 
PLT-A10 was first substituted with Ba2+, raging from 10 to 50%. Figures 6.1 (a-d) 
plot the XRD traces of PLT-A10 with 10 to 50% Ba2+ substitutions, corresponding to 
the typical diffraction pattern of a tetragonal perovskite structure, in which peak 
splittings were observed for (100) and (001), (002) and (200), (102) and (210), (112) 
and (211), and (202) and (220), respectively. Having observed the decrease in the 
degree of peak splitting, one can speculate that the aspect ratio (c/a) of PLT-A10 
perovskite structure decreases with increasing level of Ba2+ substitution.  
 
To further confirm the speculation above, lattice parameters a and c, aspect ratio (c/a), 
and unit cell volume for each of the compositions was calculated based on (002) and 
(200) diffractions, as shown in Figures 6.2 (a-c). Clearly, the speculation on the aspect 
ratio (a/c) is strongly supported by these calculations. The decrease in tetragonality 
with increasing level of Ba2+ substitution agrees with what has been suggested by 
Cohen [10] that a highly strained tetragonal structure is maintained by a strong Pb-O 
hybridization, as stated previously in Section 1.2. This plausibly indicates that Pb-O 
hybridization can be weakened by iso-valent A-site substitution with octet electronic 
configuration, enhancing the possibility of a breakdown in the dipolar long-range 
order. 
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Furthermore, the structural distortion of perovskite lattice brought about by Ba2+ 
substitution, was also interestingly reflected by the changes in both lattice parameters 
a and c, and unit cell volume, as demonstrated by Figures 6.2 (a) and (c), respectively. 
There occurs a decrease in lattice parameter c in contrast to the increase in a, 
suggesting a gradual structure change from tetragonal to pseudocubic accompanied by 
an expansion in unit cell volume. This observation is attributed to the large ionic size 
of Ba2+ (r = 1.34 Å), which is ~13% bigger than that of Pb2+ (r = 1.19 Å), and is 
responsible for expanding the perovskite lattice, implying that A-site distortion gives a 
strong contribution in deforming the perovskite due to its 12-fold symmetry [4].  
 
On the basis of the discussions above, Ba2+ substitution was found to weaken Pb-O 
hybridization, leading to a decrease in c/a ratio. Thus, there is a possibility for 
inducing a dielectric transition from normal ferroelectricity to relaxor or even to 
quantum paraelectricity. Unfortunately as shown in Figures 6.3 (a-e), normal 
ferroelectricity with a well-defined Tc was observed for all the five compositions, 
implying that the perovskite structure with such a high c/a ratio is still unsusceptible 
to the slight local distortions of the host atoms brought about by Ba2+ substitution. A 
complete breakdown in the dipolar long-range order or formation of interacting 
dipolar clusters was not resulted yet. To destabilize the normal ferroelectric state, a 
parent material with lower c/a ratio should thus be employed. 
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Figure 6.1 XRD traces of PLT-A10 substituted with (a) 10% (PBLT9010), (b) 
20% (PBLT8010), (c) 30% (PBLT7010), (d) 40% (PBLT6010), and (e) 50% Ba2+ 
(PBLT5010), respectively. 
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Figure 6.2 Lattice parameters a and c (a), aspect ratio (c/a) (b), and unit cell 
volume (c) for PLT-A10 with Ba2+ substitution varying from 10 to 50%. 
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Figure 6.3 Temperature dependence of relative permittivity of PLT-A10 with (a) 
10% (PBLT9010), (b) 20% (PBLT8010), (c) 30% (PBLT7010), (d) 40% 
(PBLT6010), and (e) 50% (PBLT5010) of Ba2+ substitutions, when measured at 
frequencies ranging from 1000 Hz to 100000 Hz. 
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To have a better comparison on the dielectric behaviours of PLT-A10 substituted with 
various amounts of Ba2+ ranging from 10 to 50%, the space charge effect dominating 
at low frequency should be excluded in order to reflect the intrinsic properties of all 
compositions. The temperature dependences of relative permittivity of PBLT9010, 
PBLT8010, PBLT7010, PBLT6010, and PBLT5010 measured at 100000 Hz are thus 
plotted in Figure 6.4. Obviously, there occurs a decrease in relative permittivity with 
increasing level of Ba2+ substitution. This phenomenon can be apparently elucidated 
by adapting the displacive model for normal ferroelectricity reviewed in Section 1.2.1, 
since the cooperative couplings among dipoles are still strong and the interactions 
between domains are negligible. The displacement of Ti4+ decreases with increasing 
level of Ba2+ substitution and thus deteriorates the magnitude of net polarization in the 
direction of applied electric field, resulting in a decrease in relative permittivity.  
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Figure 6.4 Temperature dependence of relative permittivity of PLT-A10 with 10 
to 50% Ba2+ substitution measured 100000 Hz. 
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Moreover, an almost linear decrease in Tc was observed with increasing level of Ba2+ 
substitution. Such a linear decrease can be elucidated by the de-hybridization of Pb-O 
bonding due to Pb2+ dilution, leading to a deterioration in the long-range Coulombic 
attractions. Thus, less thermal energy is required to induce soft-mode vibration, 
resulting in a decrease in phase transition temperature Tc. 
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Figure 6.5 Change in Curie temperature (Tc) for PLT-A10 as a function of Ba2+ 
substitution. 
 
By taking all the above results into consideration, PLT-A20 appears to exhibit a low 
c/a ratio and can undergo displacive phase transition, which is then selected for 
further study. The occurrences of dielectric transitions can be realized expectedly by 
increasing the amount of Ba2+, Ca2+, or Sr2+ substitution, which acts to weaken the 
dipolar long-range order of perovskite lattices. On the other hand, PLT-A25 with a 
lower c/a ratio is not considered, due to its low Tc. This is because a further decrease 
in Tc is expected by an increasing level of A-site iso-valent substitution. 
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6.3 PLT-A20 Substituted with Ca2+, Sr2+, and Ba2+ 
 
6.3.1 Phase Formation 
 
By following the synthesizing steps established for PLT-A in Chapter 4, PLT-A20 
substituted with various concentrations of Ba2+ (PBLT), Sr2+ (PSLT), and Ca2+ 
(PCLT) into A-site were synthesized via mechanical activation for 20.0 hours, and 
then sintered at 1200 oC for 2.0 hours. Figure 6.6 to Figure 6.8 show the XRD traces 
of PLT-A20 with Ba2+, Sr2+, and Ca2+ substitutions, ranging from 10 to 50%, 
respectively. All compositions exhibit the typical diffraction pattern of a pseudocubic 
perovskite structure, confirming formation of required single perovskite phase with 
the absence of detectable minority phases after sintering. Furthermore, peak splitting 
observed in all compositions with Ba2+, Sr2+ or Ca2+ becomes less significant with 
increasing level of substitution, indicating that there is a gradual reduction in c/a 
aspect ratio, similar to that observed in PLT-A10 in Figure 6.1. This agrees with what 
has been postulated previously that Pb-O hybridization can be deteriorated by Ba2+, 
Sr2+ or Ca2+ substitution. The electronic configurations of Ca, Sr and Ba are, 
respectively [Ar]4s2, [Kr]5s2, and [Xe]6s2, where the outer two electrons in s-orbital 
are very unstable. Thus, Ca, Sr or Ba tends to lose its outer electrons becoming Ca2+, 
Sr2+ or Ba2+ that interacts with neighbouring oxygen octahedra in the perovskite 
lattice ionically, in contrast to the strong Pb-O hybridization, which is both ionic and 
covalent in nature.  
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Figure 6.6 XRD diffraction patterns of PLT-A20 substituted with Ba2+ ranging 
from 10 to 50% and sintered at 1200 oC for 2.0 hours: (a) Pb0.63Ba0.07La0.2TiO3 
(PBLT9020), (b) Pb0.56Ba0.14La0.2TiO3 (PBLT8020), (c) Pb0.49Ba0.21La0.2TiO3 
(PBLT7020), (d) Pb0.42Ba0.28La0.2TiO3 (PBLT6020), and (e) Pb0.35Ba0.35La0.2TiO3 
(PBLT5020), respectively. 
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Figure 6.7 XRD traces of PLT-A20 with 10 to 50% Sr2+ substitutions, sintered at 
1200 oC for 2.0 hours: (a) Pb0.63Sr0.07La0.2TiO3 (PSLT9020), (b) 
Pb0.56Sr0.14La0.2TiO3 (PSLT8020), (c) Pb0.49Sr0.21La0.2TiO3 (PSLT7020), (d) 
Pb0.42Sr0.28La0.2TiO3 (PSLT6020), and (e) Pb0.35Sr0.35La0.2TiO3 (PSLT5020). 
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Figure 6.8 XRD traces of (a) Pb0.63Ca0.07La0.2TiO3 (PCLT9020), (b) 
Pb0.56Ca0.14La0.2TiO3 (PCLT8020), (c) Pb0.49Ca0.21La0.2TiO3 (PCLT7020), (d) 
Pb0.42Ca0.28La0.2TiO3 (PCLT6020), and (e) Pb0.35Ca0.35La0.2TiO3 (PCLT5020), 
respectively, sintered at 1200 oC for 2.0 hours.  
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6.3.2 Sintering Behaviours and Microstructures of PBLT, PSLT and PCLT 
 
Figures 6.9 (a-c) show the relative densities of PLT-A20 with 10 to 50% Ba2+, Sr2+, 
and Ca2+ substitutions, respectively, synthesized via mechanical activation for 20.0 
hours and then sintered at 1200 oC for 2.0 hours. The relative density was determined 
by the ratio between the physical density measured using Archimedes’ method and 
the theoretical density calculated on the basis of lattice parameters determined by both 
(002) and (200) diffractions. All compositions exhibit considerably dense 
microstructures, as further confirmed by SEM micrographs of the polished and etched 
surfaces shown in Figures 6.10 (a-e), Figures 6.11 (a-e), and Figures 6.12 (a-e), 
respectively. Following a similar trend, the relative density of PLT-A20 substituted 
with Ba2+, Sr2+ or Ca2+ increases from ~94% to 98% theoretic with increasing level of 
substitution from 10 to 50%. These observations can be apparently attributed to two 
possibilities. Firstly, densification is controlled by solute diffusivities of the ions 
involved, differences in ion size or valence, and association or repulsion between ions 
should be considered for the sintering behaviours of all PBLT, PSLT and PCLT [5]. 
The strong association of Pb2+ and O2- slows down the rate of diffusion due to the 
large molecular size. Alternatively, iso-valent substitutions into A-site to replace Pb2+ 
by Ba2+, Sr2+ or Ca2+ with octet electronic configuration results in a deterioration of 
Pb2+ and O2- association and thus an improvement in sintered density is resulted. 
Secondly, addition of Ba2+, Sr2+ or Ca2+ into PLT-A20 acts to lower the mobility of 
grain boundary, inhibiting pore separation from grain boundary throughout the later 
stages of sintering. The attachment of pores on the grain boundaries is necessary for 
achieving high sintered density, especially in a polycrystalline ceramic where lattice 
diffusivity is too slow for effective annihilation of pores that are trapped within grains 
[4,83,84]. The slow down of grain boundary mobility in association with Ba2+, Sr2+ or 
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Ca2+ substitution promotes densification. Thus, an improvement in relative density 
was then observed with increasing level of substitutions, as shown in Figures 6.9 (a-
c).  
 
Furthermore, Figures 6.13 (a-c) plot the relationship between the average grain size 
and the percentage of Ba2+, Sr2+ or Ca2+ incorporated into PLT-A20, respectively. The 
average grain size is calculated on the basis of 200 grains measured using the 
interception method. PLT-A20 with Ba2+, Sr2+ or Ca2+ substitution, exhibits a mean 
average grain size in the range of ~0.60 to 1.01 µm, ~0.57 to 0.86 µm, and ~0.55 to 
0.93 µm, respectively. The apparent increase in the average grain size with increasing 
level of Ba2+, Sr2+ or Ca2+ substitution is caused by the grain coarsening, leading to a 
rather non-uniform size distribution with increasing level of substitution, as clearly 
demonstrated by the error bars in the plots. Statistically, an irregular grain size 
distribution manifested by significant growth of some grains results in an increase in 
the calculated mean value of grain sizes, but accompanying with an increase in 
standard deviation. By taking this statistical consideration into account, it can be 
concluded that only a slight change in average grain size was brought about by these 
iso-valent substitutions into A-sites. This is further supported by comparing the SEM 
micrographs, as shown in Figures 6.10 (a-e), Figures 6.11 (a-e), and Figures 6.12 (a-
e), respectively, with that of PLT-A compositions that exhibit a significant increase in 
average grain size with increasing level of La doping, as previously demonstrated by 
Figures 4.7 (a-d). Moreover, the little change in average grain size indicates that a 
slow down in grain boundary mobility throughout the sintering stages was brought 
about by Ba2+, Sr2+ or Ca2+ substitution, apparently agreeing with what has been 
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suggested previously that the relative density is improved by attaching pores at grain 
boundaries and grain junctions. 
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Figure 6.9 Relative densities for PLT-A20 substituted with 10 to 50% of Ba2+ (a), 
Sr2+ (b), and Ca2+ (c), respectively. 
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Figure 6.10 continues. 
PBLT9020              5µm 
(a) 
(b) 
PBLT8020              5µm 
(c) 
PBLT7020              5µm 
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(d) 
PBLT6020              5µm 
(e) 
PBLT5020              5µm 
 
Figure 6.10 SEM micrographs of the polished and etched surfaces of PBLT9020 
(a), PBLT8020 (b), PBLT7020 (c), PBLT6020 (d), and PBLT5020 (e), synthesized 
via mechanical activation for 20.0 hours and then sintered at 1200 oC for 2.0 
hours. 
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(a) 
PSLT9020              5µm 
 
(b) 
PSLT8020              5µm 
 
 
(c) 
PSLT7020               5µm 
 
Figure 6.11 continues. 
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(d) 
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Figure 6.11 SEM micrographs showing the polished and etched surfaces of PLT-
A20 substituted with 10 to 50% Sr2+: (a) PSLT9020, (b) PSLT8020, (c) 
PSLT7020, (d) PSLT6020, and (e) PSLT5020. 
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(a) 
PCLT9020              5µm 
 
(b) 
PCLT8020              5µm 
 
 
(c) 
PCLT7020              5µm 
 
Figure 6.12 continues. 
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(d) 
PCLT6020              5µm 
(e) 
PCLT5020               5µm 
 
 
Figure 6.12 SEM micrographs showing the polished and etched surfaces of (a) 
PCLT9020, (b) PCLT8020, (c) PCLT7020, (d) PCLT6020, and (e) PCLT5020, 
synthesized via mechanical activation for 20.0 hours and then sintered at 1200 oC 
for 2.0 hours. 
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Figure 6.13 Average grain size as a function of Ba2+ (a), Sr2+ (b) and Ca2+ (c) 
substitution, respectively, ranging from 10 to 50% for PBLT, PSLT and PCLT, 
respectively.  
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6.4 Dielectric Behaviours of PBLT, PSLT and PCLT 
 
Figures 6.14 (a-c) plot the temperature dependence of relative permittivity of PLT-
A20 substituted with Ba2+ (PBLT), Sr2+ (PSLT) and Ca2+ (PCLT) respectively, 
ranging from 10 to 50% measured at the frequency of 100000 Hz. PBLT exhibits a 
transition from normal ferroelectricity to relaxor with increasing level of Ba2+ 
substitution. Also, there occurs a decrease in both relative permittivity and transition 
temperature (Tc or Tmax), in contrast to an enhancement in diffusive phase transition 
(DPT), brought about by the increasing amount of Ba2+ incorporated into PLT-A20 
from 10 to 50%, as clearly demonstrated in Figure 6.14 (a).  
 
Furthermore, Figures 6.15 (a-e) further demonstrate the temperature dependence of 
both relative permittivity and dielectric loss of PBLT9020, PBLT8020, PBLT7020, 
PBLT6020 and PBLT5020, respectively, measured at frequencies ranging from 1000 
Hz to 100000 Hz. By comparison, space charge effect is more dominant for 
PBLT9020 and PBLT8020, where a subsequent increase in relative permittivity at 
temperatures higher than Tc was observed at 1000 Hz. This can be apparently 
attributed to the lowering of Tc or Tmax brought about by the increasing level of Ba2+ 
substitution as space charge effect is a thermally activated hopping process, as 
discussed previously in Section 1.4. On the other hand, no frequency dispersion was 
observed for PLT-A20 incorporated with Ba2+ up to 30%, as shown in Figures 6.15 
(a-c). In addition, further Ba2+ substitution led to the occurrence of relaxor behaviour 
observed for both PBLT6020 and PBLT5020, where there is a shift of relative 
permittivity peak to higher temperature with increasing frequency, as clearly 
demonstrated by the insets in Figures 6.15 (d-e).  
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Figure 6.14 Relative permittivity for PLT-A20 substituted with Ba2+ (a), Sr2+ (b), 
and Ca2+ (c) ranging from 10 to 50%, measured at 100000 Hz. 
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Figure 6.15 continues. 
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Figure 6.15 continues. 
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Figure 6.15 Temperature dependence of relative permittivity and dielectric loss 
of (a) PBLT9020, (b) PBLT8020, (c) PBLT7020, (d) PBLT6020 and (e) 
PBLT5020, respectively, measured at frequencies ranging from 1000 Hz to 
100000 Hz. Insets in (d) and (e) demonstrate the frequency dependence of 
relative permittivity maxima. 
 
Similar to PBLT, an enhancement in DPT with increasing level of Sr2+ substitution 
was observed for PSLT, as shown in Figure 6.14 (b). Figures 6.16 (a-e) further plots 
both relative permittivity and dielectric loss as a function of temperature measured at 
frequencies ranging from 1000 Hz to 100000 Hz for PSLT9020, PSLT8020, 
PSLT7020, PSLT6020, and PSLT5020, respectively. These plots suggest that there is 
no frequency dispersion for all the compositions, confirming that the occurrence of 
relaxor behaviour was not realized throughout the whole substitution range.  
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Figure 6.16 continues. 
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Figure 6.16 continues. 
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Figure 6.16 Temperature dependence of relative permittivity and dielectric loss 
of PLT-A20 substituted with (a) 10% (PSLT9020), (b) 20% (PSLT8020), (c) 30% 
(PSLT7020), (d) 40% (PSLT6020), and (e) 50% of Sr2+ (PSLT5020), respectively, 
measured at frequencies ranging from 1000 Hz and 100000 Hz. 
 
More interestingly, there occurs a dielectric transition from normal ferroelectricity to 
relaxor and then to quantum paraelectric-like behaviour with increasing level of Ca2+ 
substitution, as shown in Figure 6.14 (c). Both PCLT9020 and PCLT8020 exhibit 
normal ferroelectricity, whereby the temperature corresponding to the maximum 
relative permittivity is independent of frequency. Similar to PSLT, PLT-A20 
incorporated with 80% or 90% of Ca2+ shows less space charge effect at low 
frequencies than that of with the same amount of Ba2+, where a subsequent increase in 
relative permittivity at temperatures higher than Tc was not observed. This indicates 
that A-site vacancies created by La doping can be stabilized by both Ca2+ and Sr2+ 
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substitutions. Apparently, this can be attributed to the strong association that is 
formed between negatively charged A-site vacancy and Ca2+ or Sr2+, which is more 
electropositive than Ba2+ [ 85 ]. Although a more detailed investigation into the 
conductivity natures in association with A-site vacancies for PCLT, PSLT and PBLT, 
is required to verify the speculation, it is understood that Ca2+ and Sr2+ substitute Pb2+ 
into A-site rather than Ti4+ into B-site, although they have smaller ionic sizes than that 
of Pb2+. This is because space charge effect in association with oxygen vacancies 
created by B-site substitution was not dominating for both Ca2+ and Sr2+ substitutions. 
 
In contrast, both PCLT7020 and PCLT6020 exhibit the typical relaxor behaviours 
characterized by frequency dispersions, as shown in the insets of Figures 6.17 (c-d). 
On the other hand, a further increase in the level of Ca2+ substitution results in the 
quantum paraelectric-like behaviour characterized by a culmination of constant 
relative permittivity upon cooling from high temperature to low temperature, as 
demonstrated by Figure 6.17 (e). Apparently, the quantum paraelectric-like behaviour 
observed in this study persists up to ~200 K, which is almost one order higher than 
the typical quantum paraelectric ever reported. [25,86,87,88]. 
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Figure 6.17 continues. 
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Figure 6.17 continues. 
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Figure 6.17 Relative permittivity and dielectric loss as a function of temperature 
measured at frequencies ranging from 1000 Hz to 100000 Hz for (a) PCLT9020, 
(b) PCLT8020, (c) PCLT7020, (d) PCLT6020, and (e) PCLT5020, respectively. 
 
To further quantify the extent of diffusiveness observed in each composition 
substituted with either Ca2+, Sr2+ or Ba2+ respectively, the temperature dependence of 
relative permittivity was linear fitted to ideal relaxor quadratic equations [Equations 
(1-4) and (1-5)], as previously stated in Section 1.2.2. The fitting results for all 
compositions are summarized in Table 6-1. Errors for diffusiveness (δ) and γ-
exponent for each composition included in the table were calculated based on the 
discrepancies between the data points and the fitted straight line, where R2 values for 
all linear fittings are greater than 0.995. It can be clearly seen that both diffusiveness 
and γ-exponent increase from 6.71 K and 1.25 to 31.62 K and 1.82, 15.81 K and 1.67, 
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and 50.0 K and 1.95, respectively, with increasing level of Ca2+, Sr2+ and Ba2+ 
substitution, which are in good agreement with what has been suggested previously. 
More interestingly, PBLT5020 exhibits the highest diffusiveness and γ-exponent 
among the all compositions. 
 
Table 6-1 Summary of diffusiveness and γ-exponent for PCLT, PSLT and PBLT.  
% Ca2+ Substitution Sr2+ Substitution Ba2+ Substitution 
 Diffusiveness γ Diffusiveness γ Diffusiveness γ 
0 6.71 ± 0.02K 1.25 ± 0.006 6.71 ± 0.02K 1.25 ± 0.006 6.71 ± 0.02K 1.25 ± 0.006 
10 8.91 ± 0.02K 1.42 ± 0.005 8.84 ± 0.01K 1.42 ± 0.003 11.14 ± 0.07K 1.43 ± 0.016 
20 11.18 ± 0.01K 1.45 ± 0.006 12.5 ± 0.01K 1.57 ± 0.008 18.90 ± 0.12K 1.61 ± 0.019 
30 21.32. ± 0.01K 1.69 ± 0.003 16.22 ± 0.01K 1.61 ± 0.003 18.26 ± 0.01K 1.62± 0.006 
40 31.62 ± 0.17K 1.72 ± 0.003 17.15 ± 0.04K 1.63 ± 0.006 28.87 ± 0.02K 1.79 ± 0.010 
50 - 1.82 ± 0.006 15.81 ± 0.09K 1.67 ± 0.013 50.0 ± 0.002K 1.95 ± 0.014 
 
(*Those highlighted compositions exhibit relaxor behaviour, while PCLT5020 (bold) 
exhibits quantum paraelectric-like behaviour.*) 
 
6.5 Correlations between Structure and Strain Analysis 
 
As mentioned previously in Section 1.2, A-site cation has a stronger effect on the local 
structural distortion than that in B-site. This is because, for the A-site, the oxygen 
nearest neighbour shell has 12-fold symmetry in contrast to the broken one for B-site 
[4]. Therefore, size of the A-site cation plays a determining role in straining the 
perovskite lattice. Moreover, it is generally admitted that lattice strain has significant 
effects on ferroelectric behaviours of perovskite thin films [89,90]. However, the 
strain effect has been commonly excluded for bulk polycrystalline ceramics. Having 
observed the ferroelectric to relaxor transition and in particular the quantum 
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paraelectric-like behaviour at the record high temperature of ~200 K, one will have to 
take a new approach for interpreting the ferroelectric behaviours of bulk PLT-A20 
with iso-valent A-site substitutions, such as Ba , Ca  and Sr  as discussed in 
Section 6.4.  
2+ 2+ 2+
 
As shown in Figure 6.18 (a), there occurs an increase in lattice parameter a in contrast 
to the decrease in lattice parameter c with increasing level of Ba2+ substitution, as 
determined from (002) and (200) diffractions. On the other hand, the aspect ratio (c/a) 
decreases and approaches to 1.0 for PBLT5020 as shown in Figure 6.18 (b), implying 
that a more cubic structure is formed. Moreover, an overall increase in unit cell 
volume was brought about by Ba2+ substitution as clearly shown in Figure 6.18 (c). 
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Figure 6.18 Lattice parameters (a), aspect ratio (c/a) (b), and unit cell volume (c) 
of PLT-A20 as a function of  Ba2+ substitution ranging from 10 to 50%. 
 
In contrast to Ba2+ substitution, increasing Sr2+ substitution led to a little change in 
lattice parameter a; however, an increase in lattice parameter c similar to that of Ba2+ 
substitution, was still observed together with a decrease in c/a ratio, as shown in 
Figures 6.19 (a-b). A decrease in the unit cell volume was then resulted by increasing 
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the amount of Sr2+ incorporated into PLT-A20, as clearly demonstrated by Figure 
6.19 (c).  
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Figure 6.19 The variations of (a) lattice parameters, (b) aspect ratio (c/a), and (c) 
unit cell volume as a function of Sr2+ substitution ranging from 10 to 50%. 
 
Furthermore, decreases in both lattice parameters a and c were brought about by the 
increasing level of Ca2+ substitution, in contrast to that of Ba2+ and Sr2+ although a 
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decrease in tetragonality was observed, as shown in Figures 6.20 (a-b). In addition, as 
illustrated in Figure 6.20 (c), Ca2+ substitution is more effective in reducing the 
volume of unit cell than Sr2+. These observations suggest that iso-valent A-site 
substitution into PLT-A20, such as by Ba2+, Ca2+ or Sr2+ that exhibits octet electronic 
octet structure, interacts with neighbouring oxygen octahedral with ionic attractions, 
deteriorating the strain in c-axis induced by Pb-O hybridization and favouring 
formation of a cubic structure rather than a tetragonal. Thus, a decrease in lattice 
parameter c was observed for Ba2+, Ca2+ and Sr2+ substitutions, agreeing with what 
has been suggested by Cohen [10]. On the other hand, the increasing level of Ba2+ 
substitution, ionic radius of which is 13% larger than Pb2+, expands the perovskite 
lattice of PLT-A20, in contrast to the shrinkage brought about by both Sr2+ and Ca2+ 
substitutions, which are 5% and 17% smaller than Pb2+, respectively.  
 
By correlating the average microstrain (ε ) induced by the A-site substitution with the 
interplanar spacing d of a particular (hkl) using the following equation 
 ,
20
20
APLT
APLTmeasured
d
dd
−
−−=ε                                                                         (6-1) 
the structure change brought about by Ba2+, Sr2+ or Ca2+ substitution can be further 
quantified. The reflection (222) at around 2θ of ~86o was selected for the strain 
determinations by considering its non-splitting symmetry that enables a better peak 
identification. 
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Figure 6.20 Variations of lattice parameters (a), aspect ratio (c/a) (b), and unit 
cell volume (c) brought about by an increasing level of Ca2+ substitution from 10 
to 50%. 
 
 
Figures 6.21 (a-c) show the diffraction peaks corresponding to PLT-A20 substituted 
with Ba2+, Sr2+ or Ca2+ ranging from 10 to 50%, together with that without 
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substitution. Obviously, there occurs a left-shift for (222) diffraction peak to lower 2θ 
angle with increasing level of Ba2+ substitution, indicating that there is an increase in 
d-spacing brought about by Ba2+ substitution in association with the expansion of 
perovskite lattice. In contrast, both Sr2+ and Ca2+ substitutions, which shrink the 
perovskite lattice of PLT-A20, cause a right-shift for (222) diffraction to higher 2θ 
angles with increasing amount of substitutions. These observations further confirm 
with what has been suggested previously. On the other hand, the changes in 
diffraction intensities can be apparently attributed to the differences in scattering 
factors for Pb2+, Ba2+, Sr2+ and Ca2+, respectively [49].  
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Figure 6.21 continues. 
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Figure 6.21 X-ray diffraction peak of (222) for PLT-A20 substituted with (a) 
Ba2+, (b) Sr2+, and (c) Ca2+ ranging from 0 to 50%, respectively. 
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It is well-known that the non-uniform microstrain, especially in the material that 
undergoes plastic deformation, can be reflected by peak broadening for a particular 
(hkl) determined by its FWHM (full width half maximum) [49]. Moreover, it is 
important to note that the instrumental errors can sometimes vary the position and the 
FWHM of a diffraction peak significantly. To prevent the influence of instrumental 
error, all of the strain measurements shown in Figures 6.21 (a-c), were done at the 
same time. It was observed that only negligible diffraction broadening was brought 
about by different levels of Ba2+, Sr2+ and Ca2+ substitutions, implying that lattice 
mismatch strain is more or less uniformly distributed in a given composition. 
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Figure 6.22 Average microstrain brought about by Ba2+, Sr2+, and Ca2+ 
substitutions into PLT-A20, ranging from 10 to 50%. 
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Figure 6.22 shows the average microstrain brought about by 10 to 50% of Ba2+, Sr2+ 
and Ca2+ substitutions, respectively, calculated using Equation (6-1). Clearly, a linear 
increase in compressive strain up to 1.2% was induced by the increasing level of Ca2+ 
substitution, which is three times larger than that of Sr2+. In contrast, tensile strain was 
brought about by Ba2+ substitution, which is 13% larger than Pb2+, increasing linearly 
with increasing amount of substitution. With c/a ~1 due to Pb-O de-hybridization, 
structural distortion brought about by the size mismatch in A-site affects the 
polarization characteristics of a perovskite lattice by directly affecting the long-range 
Coulombic attractions and repulsions between ions [4]. A new equilibrium structure, 
which is slightly distorted from the structure of PLT-A20, is then realized by a 
delicate balance between the Coulombic and repulsive forces in a local structure, 
although all these PLT-A20-based compositions gave an average structure as 
pseudocubic [4,91]. It can be speculated that the expansion brought about by Ba2+ 
substitution increases the rattling space for Ti4+ and favours Pb-O hybridization by 
stretching its neighbouring oxygen octahedral to the direction of Pb2+. Owing to the 
tensile distortion, the repulsion between A-site and B-site cations is then minimized 
while the Coulombic attraction between A-site ions and O2- is enhanced. In contrast, 
shrinkage of the perovskite lattice induced by either Ca2+ or Sr2+ reduces the rattling 
space for Ti4+, and thus increasing the repulsion between A-site and B-site cations. 
Structural tilts are generally expected in order to minimize this repulsion energy and 
Pb-O hybridization is thus deteriorated. Obviously, a slight shape change in the 
perovskite structure, either induced by Ba2+, Sr2+ or Ca2+, is expected to develop the 
dipolar interactions where different polarization characteristics are induced among the 
unit cells [4,31,92]. Moreover, it was also found that the change in the strain induced 
with respect to the amount of substitution is not simply proportional to the size 
 131
Chapter 6 
mismatch between the substituent and Pb2+, as indicated by the similar slopes 
obtained for both Ba2+ and Sr2+ substitutions although they have different size 
mismatches, further agreeing that an equilibrium structure is reached, where the 
lattice mismatch strain is balanced by the Coulombic attractions and repulsions 
between the host ions. 
 
It is generally believed that certain physical properties of a relaxor, such as diffuse 
phase transition and frequency dispersion of dielectric maxima, are related to its 
intrinsic local structure. However, one of the major challenges in investigation into 
the nature of relaxors is the experimental access to such local properties with respect 
to the average structure. In this study, a new approach for investigating the local 
structures of PLT-A20-based compositions was taken using XRD triaxial strain 
measurements, as mentioned in Section 3.2.2, which is devised for determination of 
local strain in metals. Diffraction of (222) at around 2θ ~86o was again selected for 
this measurement due to its non-splitting symmetry. Since a large residual strain only 
gives rise to small change in diffraction peak position, local strain measurements were 
restricted to PLT-A20, PBLT5020, PSLT5020 and PCLT5020. To precisely 
determine the position of (222) diffraction, all the measurements were carried out at a 
slow scan speed (~0.0001o/sec) to first eliminate the Kα2 component, followed by the 
Lorentz-polarization-absorption correction and finally fitted with parabola over the 
top 15% of the maximum peak intensities with background subtraction [53]. Figures 
6.23 (a-d) show the ε33' induced in (222) with an angle ψ ranging from -30o to +30o, 
when measured at φ  = 0o, 45o and 90o for PLT-A20, PSLT5020, PCLT5020 and 
PBLT5020, respectively. The average strain for each ψ tilt was calculated based on 
Equation (3-4). Similar strain distributions with respect to ψ were obtained at φ  = 0o, 
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45o and 90o respectively, implying that such lattice strain configuration is more or less 
globally distributed within each composition, further confirming what have been 
shown by the previous results by FWHM. As shown in Figure 6.23 (a), a symmetric 
strain distribution for PLT-A20 was observed, which can be apparently attributed to 
both thermal strain induced upon cooling from high sintering temperature to low 
temperature and the lattice strain brought about by La3+ substitution. In contrast, 
asymmetric tensile or compressive strain distributions were obtained for PBLT5020, 
and both PSLT5020 and PCLT5020, respectively, implying that perovskite lattices are 
deformed non-uniformly depending on their inclined angles ψ, as demonstrated by 
Figures 6.23 (b-d). According to Equation (3-5), variations in magnitudes of six strain 
components in the sample coordinate are resulted if ε33' is subjected to a change, 
indicating that the average structure of crystallites tilt in a particular ψ varies from 
one to another. Being unequally deformed, it is expected that the perovskite lattices 
are no longer spontaneously polarized in the same direction independently, and a 
breakdown in the dipolar long-range order is thus resulted. This can further increase 
the dipolar interaction energy or even dipolar freezing if the interactions are strong 
enough [24,93,94,95], although the dependence of magnitude of the lattice strain on ψ 
is difficult to be elucidated. Furthermore, the range of strain variation for PCLT5020 
is the largest, whereas the one for PSLT is the smallest among the four compositions, 
as shown by dotted lines. More interestingly, the strain variation range for PBLT5020 
is smaller than that of PCLT5020, although the diffuseness of DPT brought about by 
Ba2+ is the largest as detailed in Section 6.4, suggesting that tensile strain is more 
effective than compressive strain in enhancing the diffusiveness by increasing the 
rattling space for Ti4+, which further agrees with what has been speculated previously. 
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Figure 6.23 Residual strain ε'33 induced in (222) vs. tilt angle ψ of crystallites with 
respect to sample normal for (a) PLT-A20, (b) PSLT5020, (c) PCLT5020 and (d) 
PBLT5020 measured at φ  = 0o, 45o and 90o, respectively. 
 
To further investigate the natures of tensile and compressive strains brought about by 
either Ba2+, Sr2+ or Ca2+ substitutions, respectively, calculations on six strain 
components in the sample coordinates were performed by applying Equations (3.6) 
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and (3.7).  It is important to note that applications of Equations (3.6) and (3.7) on 
strain analysis are restricted only to non-oscillatory experimental data for the plot of 
d-spacing vs. sin2ψ. As shown in Figures 6.24 (a-d) respectively, PLT-A20, 
PSLT5020, PCLT5020 and PBLT5020 all exhibit regular relationships of d-spacing 
with sin2ψ measured atφ  = 0o, 45o and 90o, which are commonly encountered in 
residual strain analyses for polycrystalline materials. Such regular behaviours confirm 
that the applications of Equations (3.6) and (3.7) are valid for the strain calculations. 
Moreover, it is obviously shown in Figure 6.24 (a) that d-spacing for PLT-A20 varies 
linearly with respect to sin2ψ for both positive and negative tilts, indicating that strain 
components ε13 and ε23 are zero. In contrast, divergences of d-spacings measured for 
both positive and negative tilts were obtained for PLT-A20 with 50% Ba2+, Sr2+ or 
Ca2+ substitution, which is commonly known as “ψ-splitting” that corresponds to the 
non-zero ε13 and ε23 shear components in the sample coordinates.  
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Figure 6.24 continues. 
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Figure 6.24 continues. 
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Figure 6.24 continues. 
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Figure 6.24 Plots of d-spacing vs. sin2ψ for (a) PLT-A20, (b) PSLT5020, (c) 
PCLT5020, and (d) PBLT5020, respectively. 
 
 
Adapting the strain analysis method given in Section 3.2.2, the six strain components 
induced in PCLT5020 were calculated by plotting both a1 vs. sin2ψ and a2 vs. sin|2ψ| 
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determined at φ  = 0o, 45o and 90o, respectively, as shown in Figures 6.25 (a-b). The 
same methods were carried out for PLT-A20, PSLT5020 and PBLT5020, and the 
calculated strain components are summarized in Table 6-2. It was observed that A-site 
substitutions by Ba2+, Sr2+ and Ca2+ led to either tensile or compressive, and shear 
strain to the perovskite lattices in contrast to that of existing biaxial strains present in 
PLT-A20. The presence of shear components reflects the structure tilts due to the 
delicate balance between the long-range Coulombic forces and repulsions brought 
about by Ba2+, Sr2+ or Ca2+ substitutions, further agreeing with what has been 
postulated previously. Moreover in comparison, PCLT5020 experiences larger 
compressive and shear distortions than PSLT5020. This is because smaller Ca2+ 
induces a more significant shrinkage of the perovskite lattice than Sr2+, by which the 
repulsive energy between A-site cations and adjacent Ti4+ in B-site is further 
increased. A larger structural tilt accompanied by larger shear strain is resulted to 
compensate the increase in repulsive energy [31]. In contrast, Ba2+ substitution 
generates both tensile and shears components, where the tensile components are larger 
than the shear components. Also, the magnitudes of the shear components are 
generally lower than those of Ca2+ and Sr2+ substitutions [96]. This is because the 
tensile distortion brought about by Ba2+ substitution minimizes the repulsive energy 
and enhances Pb-O hybridization by stretching away neighbouring O2- to Pb2+ 
direction [89]. Unlike Sr2+ and Ca2+, a less structural tilt is then required. 
Interestingly, these calculations plausibly agree with what has been speculated 
formerly.  
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Figure 6.25 Linear plots of (a) a1 vs. sin2ψ and (b) a2 vs. sin|2ψ| for PCLT5020 
measured at = 0o, 45o and 90o, respectively. 
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Table 6-2 Summary of the six strain components calculated for PLT-A20, 
PBLT5020, PCLT5020 and PSLT5020. 
ε (%) PLT-A20 PBLT5020 PCLT5020 PSLT5020 
ε11 0.063 0.028 -0.021 -0.016 
ε22 0.045 0.028 -0.029 -0.010 
ε33 0.000 0.000 -0.001 -0.001 
ε13 0.000 -0.005 -0.010 -0.007 
ε23 0.000 -0.010 -0.012 -0.011 
ε12 0.000 0.012 0.027 -0.018 
 
Unfortunately at this stage, the existing large biaxial strain for PLT-A20 can only be 
attributed to both lattice strain brought about by La3+ substitution and thermal strain 
upon cooling from high sintering temperature. To differentiate the lattice strain 
brought about by La3+ substitution from the thermal strain, a more sophisticated work 
is required. 
 
Having systematically studied both the dielectric behaviours and structure changes 
brought about by various levels of Ba2+, Sr2+ or Ca2+ substitution, one can elucidate 
the correlations between these two parameters. Substituting Ba2+, Sr2+ and Ca2+ with 
octet electronic configurations into A-site, a decrease in Tc for PLT-A20 was observed 
with the increasing level of substitutions due to the weakening of Pb-O hybridization. 
On the other hand, it is widely accepted that normal ferroelectricity observed in most 
of the tetragonal Pb-based perovskites are mainly stabilized by large tensile strain in 
c-axis brought about by Pb-O hybridization, as has been discussed in Section 1.2.1. 
Thus, the occurrence of relaxor or even quantum paraelectric-like behaviour requires 
a deterioration of such hybridization. This is the reason why most of the Pb-based 
relaxors or quantum paraelectrics exhibit an average structure as either pseudocubic 
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or rhombohedral. Particularly in the present study, dielectric transitions from normal 
ferroelectricity to relaxor or quantum paraelectricity were realized by increasing the 
amount of iso-valent A-site substitution, such as Ba2+, Sr2+ or Ca2+, which is more 
effective in modulating the local structures of perovskite lattices than B-site 
substitution [4]. It can thus be concluded that the key factors for inducing these 
dielectric transitions are a breakdown in the dipolar long-range order in association 
with formation of interacting dipolar clusters, and a deterioration of the long-range 
Coulombic forces that favour ferroelectric states due to dilution of Pb2+ with high 
polarizability, as formerly discussed in Sections 1.2.2 and 1.2.3. 
 
On the basis of Pb2+ dilution and formation of pseudocubic structure with c/a ~1, the 
lattice strain in association with the size mismatch brought about by Ba2+, Sr2+ or Ca2+ 
substitution to a local perovskite structure becomes crucial in affecting the dielectric 
behaviours of PLT-A20-based compositions. With increasing Ba2+ substitution, the 
expansion in rattling space as well as the stretching of O2- to the direction of Pb2+, 
which acts to deteriorate Pb-O-Ti coupling, destabilizes Ti4+ significantly. Together 
with the random bond length induced in the local equilibrium structure and the 
breakdown in  dipolar long-range order indicated by the ψ-dependent residual strain, 
polarizations among the perovskite lattices become correlated, resulting in formation 
of interacting dipolar clusters and finally a transition from ferroelectric to relaxor 
[97,98]. Similarly for the Ca2+ substitution, the shrinkage and tilts of the perovskite 
lattices together with the breakdown in long-range polar order also lead to a certain 
extent of dipolar interaction; however Ti4+ movement is restricted. A transition from 
ferroelectric to relaxor was also observed for Ca2+ substitution but the diffusiveness is 
less significant than that induced by Ba2+, due to the confinement of Ti4+. In contrast 
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to Ba2+ substitution, a large compressive strain can freeze the movement of Ti4+ in 
addition to the dipolar interactions. Thus, a quantum paraelectric-like behaviour at a 
temperature of as high as ~200 K was observed for PCLT5020. Obviously, Sr2+ that 
possesses a smaller ionic size than Pb2+, brought the same effects as that of Ca2+.  
However, the compressive strain and structural tilts generated are less significant. As 
a result, only an enhancement of DPT with increasing level of Sr2+ substitution was 
observed. Furthermore as shown in Figures 6.14 (a-c), Ba2+ substitution is less 
effective in shifting the Tc or Tmax to lower temperatures than Sr2+ or Ca2+. This is 
attributed to the enhancement and deterioration of Pb-O hybridization in the local 
structures brought about by Ba2+ and Ca2+ substitutions, respectively. 
 
6.6 Remarks 
 
Single-phase PLT-A20 with Ba2+, Sr2+ and Ca2+ substitutions ranging from 10 to 50% 
were successfully synthesized via mechanical activation of mixed oxides. Dense 
microstructures were observed for all compositions upon sintering at 1200 oC for 2.0 
hours. Increasing the level of iso-valent substitution ranging from 10 to 50%, i.e. 
Ba2+, Sr2+ or Ca2+ with octet electronic configuration, resulted in dielectric transitions 
by modulating the natures of polarization for PLT-A20 perovskite lattices, in 
association with the local structural distortions. In general, decreases in both Tmax and 
aspect ratio c/a with increasing levels of these substitutions were resulted due to the 
Pb-O de-hybridization. XRD triaxial strain analysis revealed a strong dependence of 
the local structural distortions on the size mismatch in A-site of the perovskite lattices 
with c/a ~1, whereby a delicate balance between the long-range Coulombic attractions 
and short-range repulsions is achieved. It was observed that the mismatch strains are 
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non-uniform and isotropic in nature, as evidenced by the similar symmetric and non-
symmetric strain distributions obtained from XRD at φ  = 0o, 45o and 90o for PLT-
A20 and other PLT-A20-based compositions, respectively. Being unequally 
deformed, a breakdown in the dipolar long-range order is arisen, such that each unit 
cell exhibits a different polarization characteristic. The long-range ferroelectric states 
were thus suppressed. 
 
Triaxial strains were induced by Ba2+, Sr2+ and Ca2+ substitutions in addition to the 
existing biaxial strains generated upon cooling from high sintering temperature and by 
the La3+ substitution in PLT-A20. Tensile strain brought about by an increasing level 
of Ba2+ substitution led to a dielectric transition from normal ferroelectricity to 
relaxor, whereas an additional transition to quantum paraelectric behaviour was 
resulted by the compressive strain in association with Ca2+ substitution. In contrast, 
only an enhancement in diffusive phase transition was observed for Sr2+ substitution, 
which has similar ionic radius to that of Pb2+. Perovskite lattices of PLT-A20 were 
expanded by larger Ba2+, which deteriorates the Pb-O-Ti couplings by both enlarging 
the rattling space for Ti4+ and stretching oxygen octahedra to the direction of Pb2+. 
Local Pb-O hybridization is thus enhanced, minimizing the repulsive energy between 
A-site cations and Ti4+. In contrast, compressive strain brought about by either Sr2+ or 
Ca2+ are compensated by structural tilts in order to reduce the repulsive energy, as 
indicated by the relatively large shear strain components. In particular, the significant 
shrinkage of perovskite lattices brought about by Ca2+ substitution freezes the 
movement of Ti4+, resulting in the quantum paraelectric-like behaviour up to a record 
temperature of ~200 K, at which the quantum mechanical effect is not dominating. 
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CHAPTER 7 DIELECTRIC TRANSITIONS OF PLT-A20 
SUBSTITUTED WITH CALCIUM (PCLT) 
 
In the previous chapter, a systematic study is presented on the correlations between 
the dielectric behaviours of PLT-A20 substituted with Ba2+, Sr2+ or Ca2+ and their 
corresponding local structures, on the basis of triaxial strain analyses. It was observed 
that Ca2+ substitution led to a dielectric transition from normal ferroelectricity to 
relaxor and then to quantum paraelectric-like behaviour with increasing level of 
substitution from 10 to 50%. More interestingly, the quantum paraelectric-like 
behaviour observed for PCLT5020 persists up to a temperature of as high as ~200 K, 
at which quantum mechanical fluctuation that causes the typical quantum 
paraelectricity cannot be significant. In this chapter, further discussion on the 
dielectric transitions of PLT-A20 brought about by Ca2+ substitution is made, by 
comparing both the experimental results and mathematical fittings with those of 
observed for Sr-based perovskites. For this, compositions with various levels of Ca2+ 
substitutions were synthesized and studied systematically. 
 
7.1 Quantum Paraelectric-like Behaviour to Normal Ferroelectricity 
 
The dielectric behaviours of classical quantum paraelectrics have been discussed in 
Section 1.2.3 previously. SrTiO3 and KTO3 are known as the typical quantum 
paraelectrics, in which the phonon at the Brillouin centre was observed to be 
continuously softened with decreasing temperature [99], indicating that a ferroelectric 
transition is not realized at attainable temperatures. Furthermore, previous 
investigators have reported that quantum ferroelectricity can be induced by a small 
amount of Ca2+ or Bi3+ doping, which have been attributed to ferroelectricity or polar 
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cluster effect, as discussed in Section 1.2.4. Dissimilar to the approach in Chapter 6, 
Pb2+ was treated as a substituent of quantum paraelectric CaTiO3 for comparing 
dielectric behaviours of PCLT with that of Ca2+ or Bi3+ doped SrTiO3.  
 
Figures 7.1 (a-b) plot both Tmax and γ-exponent that are obtained by fittings to 
Equation (1-4) as a function of Pb2+ content ranging from 0.35 to 0.665 mol%. 
Obviously, the quantum ferroelectric equation [Equation (1-12)] gives a rather good 
fitting for most of the data points with R2 = 0.985, in contrast to the linear fitting with 
R2 = 0.932. This is a typical plot that shows the possibility for occurrence of quantum 
ferroelectricity, which is distinguished from the linear increase of Tmax with increasing 
Pb2+ substitution that is commonly observed in many ferroelectric solid solutions 
[100]. Quantum limit (xc) was determined as 0.364 ± 0.061 mol% from the fitting as 
demonstrated by the solid line in Figure 7.1 (a), implying that quantum paraelectricity 
can be observed in any composition with Pb2+ concentration below xc, for instance in 
PCLT5020 and PCLT5220. Furthermore as demonstrated by Figure 7.1 (b), γ-
exponent increases with decreasing level of Pb2+ content, and culminates to a value 
close to 2.0 at xc, further confirming that quantum ferroelectricity could be possibly 
realized. Similar results on the variations of both Tmax and γ-exponent as a function of 
Ba2+ substitution have also been reported for Sr1-xBaxTiO3 [101]. Comparing with the 
fittings of Sr1-xCaxTiO3 to the quantum ferroelectric equation, as mentioned in Section 
1.2.4, the critical concentration (xr) that defines the minimum amount of Pb2+ 
substitution required for inducing relaxor behaviour was not attained in this study. 
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Figure 7.1 (a) Temperature corresponding to maximum relative permittivity 
(Tmax) measured at 100000 Hz and (b) γ-exponent as a function of Pb2+ content 
for PCLT ranging from 0.350 to 0.665 mol%. Solid line in (a) is the best fit to the 
quantum ferroelectric equation Tmax = 729.74 (x- 0.364 ± 0.061)1/2. 
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7.2 Fittings to Existing Ferroelectric Models 
 
Figure 7.2 plots the temperature dependence of relative permittivity of PCLT with 
respect to Pb2+ content ranging from 0.350 to 0.665 mol% measured at 100000 Hz. 
Obviously, there occur dielectric transitions from quantum paraelectric-like behaviour 
to relaxor and then to normal ferroelectric with increasing level of Pb2+ content in 
PCLT, contradicting with the belief on the occurrence of quantum ferroelectricity in 
this composition range on the basis of quantum ferroelectric consideration. What has 
been discovered in this study is dissimilar to the typical crossover from quantum 
paraelectricity to quantum ferroelectricity and to normal ferroelectricity reported for 
Sr-based perovskites with various levels of substitution below xr, as discussed in 
Section 1.2.4 [31,100,101]. The occurrence of relaxor behaviour is unexpected, 
strongly violating the prediction by the quantum ferroelectric relationship although a 
good fitting was given, as demonstrated by Figure 7.1 (a). These results indicate that 
the commonly quoted explanations or ferroelectric models may not be applicable for 
this study. 
 
To proceed with the sophisticated discussion on dielectric behaviours of PCLT with 
various levels of Ca2+ substitutions, two composition ranges for both Pb2+ 
concentration ≤ xc and > xc were defined on the basis of Figure 7.1 (a). Clearly, both 
PCLT5020 and PCLT5220 fall into the former category whereas the rest into the 
latter. Figures 7.3 (a-b) demonstrate the temperature dependence of relative 
permittivity measured at 100000 Hz for PCLT5020 and PCLT5220 respectively, 
together with the fittings to the Barrett’s equation for classical quantum paraelectrics 
[Equation (1-11)], as indicated by the solid lines. Unfortunately, unreasonable 
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physical quantities were determined although good fittings were obtained, implying 
that Barrett’s model that considers the quantum mechanical fluctuations fails to 
elucidate the dielectric behaviours that have been observed for PCLT. 
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Figure 7.2 Temperature dependence of relative permittivity of PCLT with 
various Pb2+ content ranging from 0.350 to 0.665 mol%, measured at 100000 Hz. 
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Figure 7.3 Temperature dependence of relative permittivity of (a) PCLT5020 
and (b) PCLT5220 with 0.35 and 0.364 mol% of Pb2+ respectively, measured at 
the frequency of 100000 Hz [dots: experimental data; solid curves: fitting curves 
to the Barrett’s equation]. 
 
According to Barrett’s model, T1 and To predict the critical temperatures at which 
quantum mechanical effect and ferroelectric phase transition are dominant, 
respectively. Although the temperature To were determined to be lower than T1 for 
both PCLT5020 and PCLT5220, confirming that quantum paraelectricity is stabilized, 
the predicted temperatures that are higher than the sintering temperatures are still 
unreasonable for any observable quantum effect. In addition, the level off for the 
relative permittivity only persists up to ~200 K and ~160 K for PCLT5020 and 
PCLT5220 respectively, implying that their dielectric behaviours are strongly affected 
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by thermal energy at elevated temperatures. These results further confirm that the T1 
and To predicted by the Barrett’s equation are incorrect in physical meaning. 
Moreover, it is well-known that the Curie-Weiss constant (C) has a value in the order 
of the reciprocal of thermal expansion [8], such as 105 to 106 for a ceramic. However, 
the Curie-Weiss constants predicted by Barrett’s model for both PCLT5020 and 
PCLT5220 are 0.8254 and 4801.83, corresponding to the order of the thermal 
expansion of ~101 and 10-4 respectively, which are too large for a ceramic. In short, 
Barrett’s model fails to elucidate the quantum paraelectric-like behaviours observed 
for both PCLT5020 and PCLT5220 with Pb2+ content ≤ xc, implying that the dielectric 
behaviours are not induced by quantum mechanical fluctuation. This further confirms 
that the quantum paraelectric-like behaviour observed in this study is manifested by 
the compressive strain and the breakdown in the long-ranged polar order brought 
about by Ca2+ substitution, as discussed in Chapter 6. 
 
As shown in Figures 7.4 (a-d), respectively, broad dielectric peaks together with 
frequency dispersions corresponding to relaxor behaviours were observed for all 
PCLT5520, PCLT6020, PCLT6220 and PCLT6520 with further increase in the Pb2+ 
levels, agreeing with what has been reported for Ca1-xPbxTiO3 [102]. In contrast, 
quantum ferroelectricity predicted by the quantum ferroelectric equation for Pb2+ 
content > xc, which is characterized by a sharp dielectric transition and a γ-exponent 
closed to 2.0, was not observed in this composition range, indicating that the physical 
meaning of quantum limit (xc) is not applicable to PCLT although a reasonably good 
fitting was realized. Thus, it can be concluded that quantum mechanical energy did 
not show any significant influence on the dielectric behaviours for PCLT, as 
supported by the failures of predictions by both the Barrett’s and quantum 
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ferroelectric equations that consider the quantum mechanical effect. Furthermore, the 
crossover from quantum paraelectricity to quantum ferroelectricity for Sr-based 
perovskites is commonly attributed to random fields induced by the very small 
amount of impurities or impurity-vacancy pairs, which are able to polarize 
neighbouring unit cells leading to formation of domains. In particular, the interactions 
between domains can be neglected as they are far away from each other, sharp 
transition similar to normal ferroelectricity is then observed for quantum 
ferroelectricity. Moreover, the critical concentrations (xr) that defines the minimum 
concentrations for the occurrence of relaxor behaviour were found to be ~0.0267 and 
0.016 mol% by the fittings to the quantum ferroelectric equation for Sr1-xBixTiO3 and 
Sr1-xCaxTiO3, respectively. In contrast, the quantum limit (xc) that defines the critical 
concentration for quantum ferroelectricity for PCLT was determined as ~0.364 ± 
0.061 mol%, which is already one order higher than xr for both Sr1-xBixTiO3 and Sr1-
xCaxTiO3. Thus, the interactions between dipoles can never be negligibly small and 
the occurrence of quantum ferroelectricity is impossible. 
 
Table 7-1 further summarizes ∆Tmax and ∆Trelax, which quantify the degrees of 
diffusiveness and the frequency dispersion, respectively. ∆Tmax is defined by Equation 
(1-13) measured at 100000 Hz, while ∆Trelax is determined by 
 ∆Trelax = Tmax(100000 Hz)−Tmax(100 Hz),              (7-1) 
where Tmax(100000 Hz) and Tmax(100 Hz) are the temperatures corresponding to the 
maximum relative permittivity measured at 100000 Hz and 100 Hz, respectively.  
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Figure 7.4 Relative permittivity as a function of temperature measured at 
frequencies ranging from 100 Hz to 100000 Hz for (a) PCLT5520, (b) PCLT6020, 
(c) PCLT6220, and (d) PCLT6520 containing 0.385, 0.420, 0.434 and 0.455 mol% 
Pb2+, respectively. 
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Table 7-1 Summary of ∆Tmax and ∆Trelax calculated for PCLT at various levels of 
Pb2+. 
Sample Label Pb
2+ Content 
(mol%) ∆Tmax (K) ∆Trelax (K) 
PCLT9520 0.665 3.0 0 
PCLT9220 0.644 6.0 0 
PCLT9020 0.630 7.0 0 
PCLT8020 0.560 9.0 0 
PCLT7020 0.490 17.0 4.0 
PCLT6520 0.455 24.5 5.52 
PCLT6220 0.434 27.7 7.2 
PCLT6020 0.420 31.2 5.50 
PCLT5520 0.385 44.0 5.85 
 
Clearly, ∆Tmax increases with decreasing level of Pb2+ in the composition, implying 
that the dipolar long-range order is destroyed by increasing Ca2+ substitution, which 
enhances the diffusive transition. On the other hand, a transition from relaxor 
behaviour to normal ferroelectric is indicated by zero ∆Trelax with increasing level of 
Pb2+ substitution from 80% to 95%. These results agree with what has been discussed 
formerly in Chapter 6 that Pb2+ favours the ferroelectric states by enhancing Pb-O 
hybridization. 
 
To further investigate the factors causing the relaxor behaviours for PCLT, the 
relationship between angular frequency (ω) and the corresponding Tmax was fitted to 
both the Arrhenius [Equation (1-9)] and Vogel-Fulcher equations [Equation (1-10)]. 
As shown in Figures 7.5 (a-d), all data points for PCLT6520, PCLT6220, PCLT6020 
and PCLT5520 are well-fitted linearly into the Arrhenius equation; unfortunately, 
physically reasonable parameters Ea and fo were not obtained. The activation energies 
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(Ea) thus calculated for all compositions are one order higher than those of most of the 
relaxors [22,29,102,103]. On the other hand, the attempt frequencies (fo) for all 
compositions were found to be infinitely large, which are completely unrealistic. 
Having discussed the physical meaning of the Arrhenius equation in Section 1.2.2, 
one can treat the dielectric relaxation of a relaxor as a simple thermally activated 
hopping process between the equivalent dipolar orientations, while the interactions 
among dipolar clusters are considered to be negligible. The unreasonable physical 
parameters obtained by the Arrhenius fittings indicate that the interactions between 
neighbouring dipoles play a crucial role on the occurrence of relaxor behaviours for 
PCLT. Also, the relaxor behaviours observed for various PCLT compositions cannot 
be attributed to any simple thermally activated process, such as vacancy hopping. 
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Figure 7.5 The relationship between the angular frequency (ω) and the 
reciprocal of Tmax for (a) PCLT6520, (b) PCLT6220, (c) PCLT6020, and (d) 
PCLT5520, respectively [dots: experimental data; solid lines: fitting curves to the 
Arrhenius equation]. 
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By considering the importance of interacting dipolar clusters, the relationships of ω 
with Tmax for PCLT6520, PCLT6220, PCLT6020 and PCLT5520 were then fitted to 
the Vogel-Fulcher equation proposed by the dipolar glass model or its similar form by 
random fields model [22]. In general as shown in Figures 7.6 (a-d), good fittings with 
reasonable physical parameters were obtained for all the four compositions. Figures 
7.7 (a-b) further summarize both the activation energy required for polarization 
fluctuations of an interacting dipole (Ea) and the freezing temperature (Tf) obtained by 
fittings to the Vogel-Fulcher equation as a function of Pb2+ content ranging from 55% 
to 65%. There occur almost linear increases for both Ea and Tf with increasing level of 
Pb2+ content, implying that the likelihood for occurrence of relaxor behaviour is 
deteriorated. The increase in Tf indicates that cooperative couplings between dipoles 
increase with increasing Pb2+ concentration. Thus, a higher thermal energy is thus 
required to randomize the macroscopic polarization and anisotropy for a dipolar 
cluster under the interactions of neighbouring clusters. Therefore, these phenomena 
can be attributed to the high polarizability of Pb2+ due to its lone electron pairs, or in 
other words, the less significant breakdown in the dipolar long-range order brought 
about by low concentration of Ca2+ substitution. This increase in cooperative 
couplings of unit cells favours formation of macro-domains, suggesting that normal 
ferroelectricity can be induced by further increasing the level of Pb2+ substitution. 
These are exactly what have been shown previously in both Figure 7.2 and Table 7-1, 
where a sharp dielectric transition with decreasing degree of diffusiveness was 
observed for PCLT with increasing Pb2+ content from 80% to 95%. These results 
plausibly agree with what has been discussed in Chapter 6 on the size mismatch strain 
generated by Ca2+ substitution. 
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Figure 7.6 The plots of angular frequency (ω) vs. Tmax for (a) PCLT6520, (b) 
PCLT6220, (c) PCLT6020, and (d) PCLT5520 [dots: experimental data; solid 
lines: fitting curves to the Vogel-Fulcher equation]. 
 
 159
Chapter 7 
Ca2+ Substitution Increases
Ca2+ Substitution Increases
Pb Substitution (%)
50 55 60 65 70
Fr
ee
zi
ng
 T
em
pe
ra
tu
re
 T
f  
(K
)
100
120
140
160
180
200
220
A
ct
iv
at
io
n 
E
ne
rg
y 
E
a (
eV
)
0.018
0.019
0.020
0.021
0.022
0.023
0.024
(a)
(b)
 
 
Figure 7.7 Plots of (a) activation energy (Ea) and (b) freezing temperature (Tf) as 
a function of Pb2+ content ranging from 55% to 65% for PCLT. 
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7.3 Hysteresis Loops for PCLT8020 and PCLT9020 
 
Figures 7.8 (a-b) show the hysteresis loops for both PCLT8020 and PCLT9020 
measured at room temperature. Clearly, by increasing the level of Pb2+ from 80% to 
90%, there occurs a significant change on the size and shape of the hysteresis loop. As 
further summarized in Table 7-2, both remanent polarization (Pr) and coercivity (Ec) 
for PCLT9020 are ~3 and 4 times larger than that of PCLT8020, respectively, 
implying that ferroelectric domains with strong cooperative couplings in nature were 
induced by increasing Pb2+ content, again agreeing with what has been suggested 
previously. In other words, an increasing level of Ca2+ in PCLT leads to a breakdown 
in the dipolar long-range order, which deteriorates the cooperative interactions among 
dipoles [104]. Thus, a slim hysteresis loop with low Pr and Ec in association with the 
re-acquisition of random dipolar orientations upon removing the applied electric field 
was observed for PCLT8020. 
 
Table 7-2 Summary of remanent polarization (Pr) and coercivity (Ec) for both 
PCLT8020 and PCLT9020 induced by varying applied electric field strengths 
(E). 
PCLT8020  PCLT9020 
 E (kV/cm) Pr (µC/cm2) Ec (kV/cm) 
 E (kV/cm) Pr (µC/cm2) Ec (kV/cm)
12.40 2.27 1.90  13.04 5.65 7.86 
16.53 2.85 2.15  17.39 8.29 9.09 
20.66 3.36 2.39  21.74 10.70 9.66 
24.79 3.66 2.43  26.09 11.21 10.12 
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On the basis of the experimental results detailed in this chapter, it can be concluded 
that the dielectric transition from normal ferroelectric to relaxor and then to quantum 
paraelectric-like behaviour brought about by increasing level of Ca2+ substitution in 
PLT-A20 is not induced by the quantum effect. The explanations that are commonly 
adapted for elucidating the similar ferroelectric crossovers encountered in Sr-based 
perovskites are not applicable for the present study. This is because both high 
polarizability of Pb2+ and strains brought about by Ca2+ substitution into A-site of the 
perovskite lattices, as discussed in Chapter 6, are not considered in the conventional 
ferroelectric models. Furthermore, it has already been proved that the vanishing of 
ferroelectric transition may not necessarily induced by quantum mechanical 
fluctuation. However, it is realized by a combination of large compressive strain 
together with a severe breakdown in the dipolar long-range order brought about by the 
iso-valent A-site substitution, such as Ca2+. The iso-valent substitution on A-site 
distorts the pseudocubic perovskite lattices and results in dipolar freezing, the process 
of which is similar to what has been reported for the application of an appropriate 
external pressure [105,106]. 
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Figure 7.8 Hysteresis loops for (a) PCLT8020 and (b) PCLT9020, measured at 
room temperature. 
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7.4 Remarks 
 
The dielectric transitions from quantum paraelectric-like behaviour to relaxor and 
then to normal ferroelectricity observed for PCLT with increasing Pb2+ content from 
50% to 95% were discussed on the basis of ferroelectric models and mathematical 
fittings. Dissimilar to SrTiO3-based perovskites, the classical Barrett’s model and 
quantum ferroelectric equation fail to elucidate the transitions, implying that the 
quantum paraelectric-like behaviour observed in PCLT5020 is not manifested by the 
quantum mechanical effects, but induced by both the compressive strains and 
breakdown in the dipolar long-range order of perovskite lattices. 
 
Further increasing the level of Pb2+ content in PCLT, quantum ferroelectricity was not 
observed throughout the composition range, whereas relaxor behaviours were resulted 
in PCLT with 55% to 65% of Pb2+ content unexpectedly. Physically reasonable 
fittings to the Vogel-Fulcher equation demonstrate the importance of dipolar 
interactions for these compositions, where both Ea and Tf increase almost linearly with 
increasing level of Pb2+, indicating that the likelihood of occurrence of relaxor 
behaviour decreases. These are attributed to the high polarizability of Pb2+, which 
favours formation of tetragonal ferroelectric states by enhancing Pb-O hybridization.  
 
Increasing Pb2+ concentration in PCLT from 80 to 95%, normal ferroelectricity with 
decreasing ∆Tmax and ∆Trelax was resulted, implying that the dielectric behaviour was 
dominated by macro ferroelectric domains. Manifesting by Pb-O hybridization, 
cooperative couplings among the unit cells were enhanced, depending on the 
concentration of Pb2+. This results in both higher Pr and Ec for PCLT9020 than those 
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of PCLT8020. Clearly, Ca2+ substitution acts to break the dipolar long-range order of 
PLT-A20 by inducing residual lattice strains. Together with the shrinkage of 
perovskite lattices, a large amount of Ca2+ substitution in PCLT results in dipolar 
freezing, leading to quantum paraelectric-like behaviour that persists up to a record 
temperature of ~200 K, whereby the ferroelectric transition is suppressed. 
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CHAPTER 8 CONCLUSIONS  
 
In this research project, dielectric properties of PLT-A-based perovskites are 
investigated systematically, by considering both the defect structures and the local 
structural distortions brought about by Ba2+, Sr2+ and Ca2+ substitutions. Dense PLT-
A-based ceramics were fabricated via a well-controlled mechanical activation route. 
While PbO loss at elevated temperature is prevented, maintaining the required 
compositional stoichiometry, mechanical activation successfully led to formation of 
nanocrystalline PLT-A perovskites at room temperature.  
 
It is well-known that La3+ substitutes Pb2+ into A-site rather than Ti4+ into B-site in 
PbTiO3 with the stoichiometry of Pb1-3x/2LaxTiO3 (PLT-A20), resulting in exclusive 
formation of A-site vacancies. The dependence of dielectric properties on the defect 
structures, such as A-site or oxygen vacancies in this case, can be considered as a 
thermally activated process. Thus PLT-A20, which exhibits the strongest dependence 
on space charge polarization brought about by A-site vacancies in the temperature 
range around Tc, was selected for investigating the influences of defect structures on 
dielectric behaviours brought about by post-sinter annealing in either an oxygen or 
nitrogen atmosphere. It was observed that post-sinter annealing in either an oxygen or 
nitrogen atmosphere has a dramatic effect in modulating the dielectric properties of 
PLT-A20. Upon thermally annealing in oxygen, there occur sharp rises in both 
relative permittivity and dielectric loss with increasing annealing time up to 4.0 hours 
in stage I, whereas a steady fall in both of these dielectric parameters occur for the 
prolonged annealing time in stage II. This is attributed to PbO evaporation through 
surface region that creates A-site vacancies and results in space charge polarization. 
 166
Chapter 8 
Thermally annealing in nitrogen shows a similar initial rise in both relative 
permittivity and dielectric loss in stage I, again due to formation of A-site vacancies. 
In addition to A-site vacancies, nitrogen annealing also generated oxygen vacancies, 
whereby the interactions between the vacancy pairs led to a slow down in the increase 
rate of both relative permittivity and dielectric loss in stage II. Elimination of these 
oxygen vacancies by further annealing in oxygen gave rise to a significant 
improvement in relative permittivity. It is of interest to note that all the annealed PLT-
A samples in either an oxygen or nitrogen atmosphere exhibited only normal 
ferroelectricity, indicating that the dramatic changes in dielectric behaviours brought 
about by post-sinter annealing are caused by a surface effect, where a breakdown in 
the dipolar long-range order was not realized. 
 
A correlation between the dielectric transition and the local structural change brought 
about by Ba2+, Sr2+ or Ca2+ substitution into PLT-A20 was derived from residual 
strain measurements. In general, the three substitutions led to PbO de-hybridization, 
due to their octet electronic configurations, resulting in a fall in c/a aspect ratio, Tc 
and Tmax. The local structure was largely decided by a delicate balance between 
Coulombic forces and repulsions, depending on the lattice mismatch strain brought 
about by the iso-valent A-site substitutions. Due to the fluctuation in strain 
distribution, a breakdown in the dipolar long-range order is resulted in the perovskite 
lattices with c/a~1, leading to formation of interacting dipolar clusters. The tensile 
distortions brought about by Ba2+ substitution minimize the repulsion and enhance the 
local Pb-O hybridization, thus resulting in less structural tilts in contrast to those by 
Sr2+ and Ca2+. As a consequence of the expansion in ratting space for Ti4+ and 
decoupling of Pb-O-Ti, a transition from normal ferroelectric to relaxor with the most 
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significant diffusiveness was observed for Ba2+ substitution. In contrast, the large 
compressive strain induced by Ca2+ freezes the movement of Ti4+, in addition to the 
breakdown in long-range polar order, and thus a quantum paraelectric-like behaviour 
persisting up to a temperature of as high as ~200 K was observed.  
 
To further understand the dielectric transitions of PCLT from normal ferroelectric to 
relaxor and then to quantum paraelectric-like behaviour, a more sophisticated 
theoretical approach based on the fittings with various existing ferroelectric models 
was then carried out. Unreasonable physical parameters were obtained from the 
fittings to both the Barrett’s and quantum ferroelectric equations, although all 
experimental data points are well-fitted to these equations, indicating that the 
observed dielectric transitions and quantum paraelectric-like behaviour are not 
manifested by the quantum effect. This is further supported by the occurrences of 
relaxor behaviours in PLT-A20 incorporated with 30 to 45% of Ca2+, which are not 
predicted by the traditional quantum ferroelectric realation. Furthermore, temperature 
dependences of relative permittivity of PCLT5520, PCLT6020, PCLT6220 and 
PCLT6520 were fitted to both the Arrhenius and Vogel-Fulcher equations. The best 
fittings with physically reasonable Ea and Tf were obtained from the Vogel-Fulcher 
equation, implying that interactions among the relaxor behaviours were triggered by 
the interacting dipolar clusters, instead of thermally activated hopping process of 
vacancies. It was also found that both Ea and Tf increase with increasing Pb2+ content 
in the composition, reflecting that the likelihood for a dielectric relaxation decreases. 
This further confirms that Pb2+ enhances the cooperative couplings among the dipoles 
by its high polarizability, which is evidenced by the increases in Pr and Ec with 
increasing Pb2+ substitution in PCLT.  
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The dielectric transition from normal ferroelectric to relaxor and then to quantum 
paraelectric-like behaviour observed in PCLT can be elucidated by the random fields 
in association with the non-uniform distribution of lattice strains brought about by 
lattice mismatch between Ca2+ and Pb2+ in A-site of the perovskite lattices. In was also 
observed that quantum mechanical fluctuation is not necessarily involved for the 
vanishing of Tc or Tmax. In this study, a new approach on the basis of XRD triaxial 
strain analyses was successfully developed for correlating the local perovskite 
structure to the dielectric behaviours of PLT-A20-based ferroelectrics, which provides 
an alternative route for exploring the natures of various ferroelectric behaviours.  
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CHAPTER 9 SUGGESTIONS FOR FUTURE WORK 
 
Several interesting phenomena have been observed for PLT-A-based perovskites in 
this research work, which require further attentions and investigations into many other 
aspects. It is well-known that the dielectric transitions of PLT-A20-based perovskites 
strongly depend on the local chemistry and equilibrium structure delicately balanced 
by the long-range Coulombic forces and the short-range repulsions. Therefore, it is 
crucial to develop a microscopic theory for elucidating various ferroelectric 
behaviours, such as the typical normal ferroelectricity, relaxor and quantum 
paraelectric-like behaviours observed in this study. Unfortunately, realization of a 
microscopic approach is hindered by the difficulties of determining the microscopic 
parameters for individual compositions, in particular the local interactions among unit 
cells or dipoles that play significant roles in affecting the dielectric behaviours. It 
would be of interest if a computational stimulation by applying the first principle 
calculations with local density approximation (LDA) can be provided for accurate 
interpretation to the observed dielectric transitions, especially for PCLT 
[ 107 , 108 , 109 ]. This can surmount the limitations of current ferroelectric 
phenomenological models, such as dipolar glass or random fields models for relaxors, 
which lead to oversimplification and ambiguities. 
 
Computational modelling may be done by (i) constructing an effective Hamiltonian 
for several unit cells to describe the important degrees of freedom of the system, in 
which interactions and cooperative coupling energies, Coulombic long-range forces, 
repulsions, lattice mismatch strain and thermal energies should be included 
[110,111,112], (ii) determining all the parameters of this effective Hamiltonian from 
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high-accuracy ab initio LDA calculations [113,114], (iii) carrying out Monte Carlo 
(MC) simulations to determine the average strain experienced by unit cells in order to 
give normal ferroelectricity, relaxor and quantum paraelectric-like behaviours. A 
correct computational strain model should give reasonable agreement with current 
experimental results from triaxial strain analyses. 
 
It is also well-known that Pb1-3x/2LaxTiO3 (PLT-A) exhibits relaxor behaviour only for 
x > 0.27 [34,35,36,37]. According to the strain analysis in this research project, La-
doping only led to biaxial strain in PLT-A20. More interestingly, it has been reported 
that no quantum ferroelectricity was induced by various levels of La3+ substitutions 
into SrTiO3, unlike the cases of Bi3+ and Ca2+ [115]. It would be of interest if a 
correlation between the natures of strains and the ferroelectric behaviours of PLT-A-
based compositions brought about by various A-site substitutions can be developed to 
investigate if triaxial strain is necessary for the occurrence of relaxor or quantum 
paraelectric-like behaviour.  
 
On the other hand, the quantum paraelectric-like behaviour persisting up to ~200 K 
observed in PCLT5020 is of particularly interest; especially by consideration of the 
fact that the quantum mechanical fluctuations cannot be significant at such a high 
temperature. It would be of interest if the dielectric measurements can be extended 
down to liquid helium temperature. A slim hysteresis loop is expected, whereby the 
quantum paraelectric-like behaviour is resulted by dipolar freezing in association with 
random fields brought about by Ca2+ substitution. 
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